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Multi-dimensional (2D and 3D) architectures with characteristic feature sizes on the 
order of a micrometer and below can exhibit extraordinary properties that are not present 
in their non-structured counterparts. Of particular interest are 3D microstructures, which 
have been found promising due to their unique photonic, electronic, thermal, and 
mechanical properties. Due to their unique potential to control the propagation of light in 
all directions, it is the photonic properties of three-dimensionally microstructure materials, 
so-called 3D photonic crystals (3D PhCs), that have attracted the greatest amount of 
attention. Although 3D PhCs have been suggested to have great promise, in practice they 
have been limited by both the properties of the available constituent materials and 
difficulties in processing materials with feature sizes small enough to impact visible and 
near IR wavelengths.  
This thesis will thus focus on developing novel techniques to overcome some long-
lasting processing challenges in the 3D PhCs community and provide 3D structures that 
may also be of interest for their electronic, thermal, and mechanical properties. As an 
overview, in Chapter One we will first introduce the background of PhCs as well as the 
current achievements and challenges. In Chapters Two to Chapter Four, we will show 1) 
how a newly developed transfer printing method can be used to enrich the functionalities 
of 3D PhCs made by holographic lithography (Chapter Two) and 2) how metallic alloy 
systems may be more interesting than pure metals for 3D metallic PhCs under elevated 
temperature (Chapter Three & Four). Based on the learnings in these two chapters, we 




electrochemical approaches can become powerful in creating novel structures with superior 
electronic and photonic properties that can potentially lead to a significant improvement in 
the technology field. Finally, additional to the design of static photonic devices made with 
solid materials, in Chapter Eight, the design of a new dynamic controllable 3D PhC based 
on reconfigurable microplasma arrays is simulated and experimentally presented. The 
unifying theme of this thesis is therefore to build a better understanding of how light and 
materials with complex structures will interact and make an impact on the development of 





I am extremely grateful to have Prof. Paul V. Braun as my Ph.D. advisor. Since I first 
met him six years ago, his intelligence, dynamic ongoing research, broad collaborations, 
and, most importantly, the way to think freely and creatively, let me make the correct 
decision to pursue my Ph.D. under his guidance. In the past few years, Prof. Braun has 
been providing me with tremendous resources and trust on all the projects I worked on, 
continuously teaching me on what are the important mindsets and judgment to have for a 
good researcher, scientist and engineer. His great support in both of my thesis study and 
the process of making my career decisions will for sure leave a huge impact in my life. I 
would also like to sincerely thank Prof. J. Gary Eden, Prof. Jessica A. Krogstad and Prof. 
Robert Maaß to be my committee members. It is my great honor to meet all of them and I 
truly appreciate all the insights and feedback they put into this work.   
The University of Illinois is great for multiple reasons and the dynamically ongoing 
collaboration that brings together brilliant minds from different research groups or 
departments is for sure an important one. I would like to thank Prof. Krogstad and her 
student Pralav Shetty on the collaboration of BP projects. Without their expertise in 
metallurgy and surface modification, the invention of thermally stable metallic 
mesostructures will not become possible. I must express my very special thanks to Prof. 
Eden and his student Peter Peng Sun. Since the summer of 2015 when we decided to take 
the adventure in creating the very first 3D microplasma photonic crystal in the world, their 
integrity and persistence in driving the work forward never stopped. It is rare to meet 
someone that has the same “craziness” in mind and the willingness to share the risk to 




the adventures together. Both of them inspired me to aim bigger and being persistent in 
dreams. Many thanks to Peter, without his stubbornness to drive the project, and me, 
moving forward, we will never see our microplasma crystal lightened up. There are always 
things that are more important than research and it is a great fortune to see our developed 
friendship is extending from lab to life.  
Dr. Hailong Ning deserves a special thank for his great mentorship since the first day I 
started my graduate school. He taught me the skillsets that I needed every day throughout 
my Ph.D. life, either in the lab or in the gym. I feel extremely lucky to have him as my 
mentor and elder brother from whom I can seek advice for either how to do a good 
lithography or how to quickly lose ten pounds. I would like to thank Dr. Neil Krueger, Dr. 
Junjie Wang, Dr. James Pikul, Dr. Hao Chen, Dr. Yuefeng Liu, Daniel Bacon-Brown, 
Ashish Kulkarni, Eric Epstein, Osman Cifci, Jin Gu Kang, Kaitlin Tyler, Sanghyeon Kim, 
along with all the other Braun group members for your great friendship and collaborations. 
All of them played a significant role in the completion of my Ph.D. study. My three talented 
undergraduate students, Joseph Cohen, Jiale Guo and Yifan Yao, all deserve credits. They 
helped me so much on my projects and will for sure all have a successful carrer.   
Last but not least, I want to give my most sincere thanks to my family members. They 
deserve the most credit. Since I came to the United States for college in the summer of 
2008, it has been almost exactly a decade that we have to live separately. It is clearly not 
easy for my parents and without their sacrifice, none of the things I achieved today would 
be possible. Subject to the long distance, all I can do is continuously working hard and 
making them proud. Finally, I would like to thank Xi. Thank you for appearing in my life 




TABLE OF CONTENTS 
 
LIST OF ABBREVIATIONS .......................................................................................... viii 
CHAPTER ONE - INTRODUCTION.................................................................................1 
1.1 Introduction to Photonic Crystals .......................................................................... 1 
1.2 Realization of Three Dimensional Complex Structures ........................................ 7 
1.3 Challenges and Opportunities ............................................................................. 18 
1.4 References ........................................................................................................... 21 
CHAPTER TWO - 3D HOLOGRAPHIC PHOTONIC CRYSTALS CONTAINING 
EMBEDDED FUNCTIONAL FEATURES......................................................................25 
2.1 Background and Motivations .............................................................................. 25 
2.2 Experimental Methods ........................................................................................ 27 
2.3 Results and Discussion ........................................................................................ 28 
2.4 Conclusions ......................................................................................................... 45 
2.5 References ........................................................................................................... 46 
CHAPTER THREE - ELECTRODEPOSITED HIGH STRENGTH, THERMALLY 
STABLE SPECTRALLY SELECTIVE RHENIUM NICKEL INVERSE OPALS .........50 
3.1 Background and Motivations .............................................................................. 50 
3.2 Experimental Methods ........................................................................................ 52 
3.3 Results and Discussion ........................................................................................ 54 
3.4 Conclusions ......................................................................................................... 64 
3.5 References ........................................................................................................... 64 
CHAPTER FOUR - PACK ALUMINIZATION ASSISTED ENHANCEMENT OF 
THERMO-MECHANICAL PROPERTIES IN NICKEL INVERSE OPAL 
STRUCTURES ..................................................................................................................69 
4.1 Background and Motivations .............................................................................. 69 
4.2 Experimental Methods ........................................................................................ 71 
4.3 Results and Discussion ........................................................................................ 76 
4.4 Conclusions ......................................................................................................... 83 




CHAPTER FIVE - FORMATION OF HIGH AREAL DENSITY FIELD EMITTERS 
USING INVERSE OPAL STRUCTURES BY ELECTROCHEMICAL ETCHING ......86 
5.1 Background and Motivations .............................................................................. 86 
5.2 Experimental Methods ........................................................................................ 89 
5.3 Results and Discussion ........................................................................................ 90 
5.4 Conclusions ......................................................................................................... 96 
5.5 References ........................................................................................................... 97 
CHAPTER SIX - FORMATION OF METALLIC PAGODA ARRAYS WITH 
ELECTROCHEMICAL ETCHING ..................................................................................98 
6.1 Background and Motivation ................................................................................ 98 
6.2 Experimental Methods ........................................................................................ 99 
6.3 Results and Discussion ...................................................................................... 101 
6.4 Conclusions ....................................................................................................... 114 
6.5 References ......................................................................................................... 115 
CHAPTER SEVEN - SELF-ALIGNED 3D AU RESONATORS STACK BY 
TEMPLATE ASSISTED SELECTIVE ETCHING ........................................................117 
7.1 Background and Motivations ............................................................................ 117 
7.2 Experimental Methods ...................................................................................... 120 
7.3 Results and Discussion ...................................................................................... 121 
7.4 Conclusions ....................................................................................................... 134 
7.5 References ......................................................................................................... 135 
CHAPTER EIGHT - DYNAMIC 3D PHOTONIC CRYSTAL FORMED USING 
TUNABLE 3D MICROPLASMA ARRAYS .................................................................138 
8.1 Background and Motivations ............................................................................ 138 
8.2 Experimental Methods ...................................................................................... 141 
8.3 Results and Discussion ...................................................................................... 142 
8.4 Conclusions ....................................................................................................... 156 
8.5 References ......................................................................................................... 158 






LIST OF ABBREVIATIONS 
 
1D One dimensional 
2D Two dimensional 
3D Three dimensional 
ALD Atomic layer deposition 
AFM Atomic force microscopy 
CC Colloidal crystal 
CNT Carbon nanotube 
DLW   Direct laser writing 
EDS Energy dispersive X-ray spectroscopy 
FDTD Finite-Difference Time-Domain 
FTIR Fourier-transform infrared spectroscopy  
LBLA Layer-by-layer assembly 
PAG   Photo acid generator 
PBG Photonic band gap 
PC Plasma column 
pDOS   Photonic density of states 
PDMS Polydimethylsiloxane 
PGMEA Propylene glycol methyl ether acetate 






RIE Reactive ion etching 
ROC Radius of curvature 
SEM Scanning electron microscopy 
TEM   Transmission electron microscopy 
THF Tetrahydrofuran 
TPP Two photon polymerization 
TPV Thermophotovoltaic 
VD Vertical deposition 







1.1 Introduction to Photonic Crystals 
Photonic crystals (PhCs) are materials with periodically varying refractive index on 
the order of the wavelength of light.[1–3] Analogous to the scattering of electrons in 
conventional atomic lattices, photons with certain energy will be scattered by the lattices 
of PhCs. By carefully designing the dimensionality and index contrast between the media, 
one can potentially create a strong modulation band that photons with certain energies will 
not be permitted to propagate inside the structure. Depending on the number of 
dimensionalities that have varying features, PhCs can be made into 1D, 2D or 3D (Figure 
1.1) and can achieve unprecedented light propagation control in some or all the directions.[1] 
The electromagnetic wave propagation in periodic media has been found interesting since 
the phenomenon was first studied by Lord Rayleigh back in 1887 when a narrow band of 
frequency of light was prohibited to propagate through the planes. However, the 
prohibiting band was angle-dependent, due to the changing periodicities in the alternating 
thin film stack along the different incident angle. About one hundred years later, 
Yablonovitch and John coincidentally advanced the development of 3D PhC together but 
with two different perspectives where Yablonovitch proposed to suppress spontaneous 
emission using PhCs and John found the strong localization of light in those structures.[3,4] 
Compare to 1D and 2D versions of PhC, 3D PhCs can potentially be more interesting 
because the stopgaps can exclude light in a substantial solid angle, or create a complete 





Figure 1.1 Schematic illustrations of 1D, 2D, and 3D PhCs.[1] 
The origins of stop gap have been widely studied by both theorists and experimentalist. 
To elaborate the phenomenon in a straightforward way, light entering the periodic material 
will experience both partially refraction along with partial reflection from the internal 
interfaces.[1] Based on i) the wavelengths of the incident wave, ii) the lattice structure and 
iii) the refractive index contrast of the two components, the overlapping of wave patterns 
can be interfered. Under the circumstance that the forward propagating waves in the crystal 
are perfectly canceled, a band like the forbidden gap in semiconductors will thus be formed 
(Figure 1.2(a)).  
Theoretically, the interaction between light and materials can be well described by the 
macroscopic Maxwell’s equations along with the material constituent equations as the ones 
listed below  
 ∇ ∙ 𝐷 =  𝜌 (1.1) 
 ∇ ∙ 𝐵 =  0 (1.2) 








∇ × 𝐻 =  
𝜕
𝜕𝑡
𝐷 + 𝑗 
(1.4) 
where E and H the electric field and magnetic field, respectively. 𝜌 and j refers to the free 
charge density and the free current density, respectively. D is the electric displacement, B 
the magnetic induction that can be calculated using the following set of equations. 
 𝐷 = 𝜀0𝜀𝐸 + 𝑃 
(1.5) 
 𝐵 = 𝜇0𝜇(𝐻 + 𝑀) (1.6) 
Here, P is the polarization and M is the magnetization. Under the realm of a homogeneous, 
linear, nonferromagnetic dielectric medium, P and M can be neglected. After combing all 
the equations, and eliminating the constants 𝜀0 and 𝜇0 in the way that 𝑐 = 1/√𝜀0𝜇0, where 
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 𝑯 = 𝑯(𝒓, 𝑡) = 𝑯(𝒓)𝑒−𝑖𝜔𝑡 (1.8) 
is the harmonic mode of a magnetic field times a complex exponential. The above equation 
can be further simplified with the fact that for all known natural materials the magnetic 
permeability 𝜇 equals unity and the PhC master equation is then obtained as  
 ∇ × (
1
𝜀








 𝑯(𝒓) = 𝒉𝒌(𝒓)exp (𝑖𝒌𝒓) (1.10) 
For a structure with periodically arranged lattice translation vector of a, the permittivity 
𝜀 (r) will have a spatial distribution and will be equal to 𝜀(𝒓 + 𝑙𝒂) due to translation 
symmetry if l is an integer. The eigenvalues on the right-hand side of the master equation 
determine the optical properties and the dispersion relation of the PhC, which can be only 
solved numerically. The eigenvalue of the master equation   
 𝜔 = 𝑐0|𝒌|/√𝜀(𝒓) (1.11) 
gives the dispersion relation of light propagating within a material where 𝑘 = 2𝜋/𝜆 is the 
wave vector and 𝜆 is the vacuum wavelength of light. The solution can be found to repeat 
itself for every k + mb, where m is integer and b = 2π/a is the periodicity of the 
corresponding reciprocal lattice.[1] It is therefore a common practice for researchers to just 
focus on the wavevector range of -π/a < k <π/a, or the so called 1st Brillouin zone and fold 
back all the modes within this boundary. 
Simulations of materials with either homogenous composition or a structure that is 
made of two parts with different 𝜀  can be performed. In a design that contains only 
homogenous medium, 𝜀 is a constant value, with an arbitrarily assigned periodicity of a, 
the modes lie along the light line with a frequency of  𝜔(𝑘) =  𝑐𝑜𝑘 √𝜀⁄ . Since we know 
that the light line can be folded back into the 1st Brillouin zone because of the repeatability 
of k +mb, the otherwise straight light line will now become the nodes falling on the zone 
boundary, which indicates a gapless feature (Figure 1.2(c), blue line). However, when 
there is a difference in 𝜀(𝑟), namely high-𝜀 and low-𝜀, the forward propagating wave will 




frequencies meet Bragg-condition, the forward and backward propagating wave can form 
standing wave right at the Brillouin-zone edge. In order for the standing wave to be 
sustained, the nodes can be only sitting in either the low-𝜀 layer or in the high-𝜀 layer and 
therefore the above equation will now give two different values for different 𝜀, and 
resulting a difference in high and low 𝜔 (Figure 1.2(c), red line).[1,8] To be more specific, 
the wave with majority of the energy concentrated in the high-𝜀 region will form the lower 
frequency band edge of the gap, the so called “dielectric” band, whereas the wave 
concentrated with energy confined in the low-𝜀 region will form the higher frequency band 
edge of the gap, the so called “air” band. The center position of the gap can be perfectly 
described by the Bragg-condition. Therefore, it becomes clear that in order for the photonic 
band gap to be generated, we need to introduce different 𝜀 in the medium and a larger 
contrast is always preferred for the formation of band with larger bandwidth. Although this 
discussion is simplified to the 1D PhC model, the same explanation would be applicable to 






Figure 1.2 The schematic illustration of an incident wave with wavelength (a) in the 
photonic band gap and (b) not in the band gap. (c) Example of a simple 1D band diagram. 
Adapted from Reference [7] and [8].   
 
The prohibition of light propagation will effectively impact the distribution of photonic 
density of states (pDOS) in the structure.[9,10] Shown in Figure 1.3 is the calculated band 
structure from a 3D silicon inverse opal that has a full PBG between bands 8 and 9 along 
with two stopgaps along LГ and ГX directions of the first Brillouin zone.[11] The calculated 
local photonic density of states (pDOS) reflects a complete depletion of pDOS inside the 
complete band and some fluctuations in the other frequency range. Because of these 
properties, 3D PhCs have been proposed for the use to control, confine and manipulate the 
propagation of light in all directions. For example, applications have been found in 
localizing photons with certain energy at a small volume,[4] manipulating the dynamic 
process of a spontaneous or stimulated emission,[9,12] three-dimensionally directing the 
flow of light in near arbitrary flow path,[13,14] spectrally control thermal emission and 




optical communication and computing systems,[17,18] enhancing the efficiency of solar cells 
or photochemical catalysts[19,20], and many more.  
 
Figure 1.3 (Left) The calculated photonic band structure for Si inverse opal. (Right) The 
calculated local photonic density of states inside the simulated Si PhC.[11]  
 
1.2 Realization of Three Dimensional Complex Structures 
The advancing in micro and nanotechnologies have enabled the formation of all types 
of complex structures that can have interesting properties in the optical frequencies or other 
applications. To name a few, self-assembly, holographic lithography, direct-writing, top-
down etching, layer-by-layer assembly, bottom-up growth has all been broadly applied in 
the design of 3D structures. In current section, we will briefly introduce all of the above-






1.2.1 Direct-writing, Top-down Etching, and Layer-by-layer Assembly 
Direct (laser) writing is a fabrication method that uses a computer-controlled translation 
stage to move a pattern generating device to create materials with controlled architecture 
and composition. Several techniques have been developed in the past few years, from ink-
writing techniques to laser-writing techniques. Ink-writing utilizes microsized nozzle to 
produce gel, colloids, nanoparticle-based ink to form self-supporting features.[21] By 
careful control the ink viscosity and solidification conditions, one can easily draw scaffolds 
with near arbitrary arrangement and either with dielectrics or metals. Figure 1.4 introduces 
the principle and listed several examples of direct ink printed complex patterns.[22] The 
biggest challenge for ink-based direct writing remains as the low resolution of the printed 
structure as it has been difficult to generate printing nozzles with opening down to 
submicron size.  
 
Figure 1.4 (a) Schematic illustration of the ink deposition process for the formation of 






Unlike direct ink writing which uses physical ink for printing structure, two-photon 
polymerization (TPP) or direct laser writing uses a tightly focused laser beam to 
concentrate the energy locally onto a photoresist and therefore can create wavelength λ 
dependent feature sizes.[23–25] By introducing the reactive chemical patterning of polymeric 
precursors, TPP becomes one of the most promising techniques for creating complex 3D 
structures at fine lengths scales. Structures with feature sizes equal or smaller than 120nm 
have been achieved. Moreover, once the templates are formed, bottom-up (i.e. 
electroplating) or conformal growth (i.e. ALD, CVD) can be used to deposit materials with 
a higher index so that other intriguing properties can be introduced to the structure. 
Showing in Figure 1.5 are examples of (a) Si coated 3D gyroid PhCs and (b) 3D spiral 
PhCs.[25,26] Although TPP can enable much smaller feature sizes, unfortunately, due to low 
throughput, it has also been limited by the small throughout and therefore can only be used 
in the laboratory for small-scale demonstration.  
  
Figure 1.5 Examples of 3D structures created by direct laser writing for (a) amorphous Si 
coated single gyroid PhC[25] and (b) 3D spiral PhC wrote in SU-8.[26]  
 
 
 Top-down etch single crystalline dielectric materials along different crystal planes 




of such fabrication process relies on the etching anisotropy along different crystal planes 
of the single crystalline material due to the different number of covalent bonds to be broken 
during the etching process.[27–29] Many works have been demonstrated on Si, Ge, etc. By 
controlling the parameters such as catalyst type, etchant composition or concentration, 
various nanostructures can be possibly prepared. Shown in Figure 1.6 is a 3D woodpile Si 
PhC formed by double multi-angle reactive ion etching (RIE).[27] Because of the serial 
connection in nature, additional surface protection was needed throughout the process to 
prevent the structure from collapsing, which made it increasingly difficult to control the 
precision as the etching process is moving deeper. Additional to that, restricted by the 
orientation of crystal plane for a certain single crystal material, only limited materials and 
geometries can be used and created.  
  
Figure 1.6 3D single crystalline Si PhC with 45o tilted woodpile lattice top etched by 
double masked RIE process. Adapted from Reference [27]. 
 
As the name suggested, layer-by-layer assembly (LBLA) enables the formation of 3D 




developed conventional lithography techniques, both optical and e-beam lithography, have 
allowed the patterning of complex 2D feature arrays in high resolution, layering them to 
form 3D architectures appeared to be a natural step. Two major benefits of using the layer 
stacking method include the flexibility to control the number of layers and the possibility 
to register lattice with high precision. Moreover, it also becomes possible for the addition 
of functional optical defects/materials in a certain layer. As one example, shown in Figure 
1.7 is the first demonstration of a 3D woodpile PhC laser with a low lasing threshold by 
stacking multiple GaAs-based 2D layers in sequence, including one layer containing a 
quantum dot embedded ultra-high quality factor (Q-Factor) cavity.[12] Therefore, if the 
process can be controlled precisely, LBLA can be utilized to fabricate photonic materials 
and devices with superior properties. Nevertheless, the disadvantages of using LBLA are 
also clear. For one, this technique is extremely high demand for labor as it is time-
consuming to address all the 2D layers individually and stack them together, which hinders 
the potential use of practical applications. And for the other, which can be the key limitation, 
is the difficulty to ensure perfect lattice registration with progressively smaller feature sizes 
as the commonly used mask alignment, laser alignment may become limited when handling 





Figure 1.7 The first demonstration of a 3D GaAs cavity containing PhC for low threshold 
laser. In this structure, a total of 25 layers of 2D mesh were stacked.[12]  
 
1.2.2 Colloidal Self-assembly 
Colloidal self-assembly, the method of forming periodic 3D colloidal crystal (CC) by 
self-organizing template free, pre-dispersed colloidal particles via simple sedimentation, 
spin coating, vertical deposition, cell confinement, electrical field driven, etc, have 
attracted tremendous attention because of the ease to form very large area structures at a 
low cost and a short period of time.[8,32–35] Such method can be applied to multiple colloidal 
types and possible to cover substrates with different roughness or surface finishing. Further 
material conversion after colloidal templating has enabled the applications in photonics, 
batteries, photovoltaics, mechanical metamaterials, etc.[15,36–39]       
As one of the most commonly adopted methods, vertical deposition (VD) provides the 
combination of highest optical quality and easiness in controlling the overall crystal 




Figure 1.8 is the schematic representation of a VD set-up and on the right is the assembled 
CC. The assembly mechanism is based on solvent evaporation induced meniscus 
movement and convex flow on a targeting substrate. Solvent evaporation near the air-
solvent-substrate contact line carries the dispersed particles into the drying front at the 
edge and then form a due to the lateral capillary force acting in between, the closely packed 
deposit will be formed on the substrate. The development of this technique has allowed 
the use of both small (< 100nm in diameter) to large (> 2 μm) colloids by preventing 
sedimentation. The resulting structures favor the arrangement of close-packed FCC 
stacking. Unlimited by the spherical shape of the colloidal particles, more demonstrations 
have been made using cubic, elliptical, tube, prism or other shapes and organized into 
richer arrangement than FCC.[40–42] The biggest challenge of the self-assembled structure 
is that the templates usually contain high defect density due to the spontaneous process 
and will therefore affect the overall optical properties of defect sensitive application. 
Although this is a clear drawback, CC assembly is still one of the most promising 






Figure 1.8 (a) Schematic representation of the process of forming CC with moving 
meniscus at the air-solvent-substrate interface by vertical deposition and (b) the SEM 
image for the as-deposited CC, scale bar is 4μm.[32] 
 
1.2.3 Holographic Lithography 
Since first proposed and implemented by Berger et al. to fabricate two-dimensional 
(2D) hexagonal patterns in a photosensitive polymer,[43] holographic lithography or the so-
called interference lithography has become one of the most promising techniques for the 
design and fabricate complex periodic structures. This approach was later on further 
extended by Campbell and Shoji by introducing more collimated beams to create polymer-
based low index contrast 3D structures with FCC and BCC type symmetry.[44,45] The idea 
of forming the periodic pattern using holographic lithography is based on the interference 
of overlapping electric field and hence the overall areal field intensity. With the presence 
















Here, 𝐆𝒏𝒎 = 𝐤𝒏 − 𝐤𝒎 is the reciprocal lattice determined by the differences of the 
wave vectors of the incident plane wave and 𝒂𝒏𝒎 = 𝑬𝒏
𝟎 ∙ 𝑬𝒎
𝟎∗ the form factor that controls 
the internal structure of the unit cell.[43] Based on the type of photoresist being used, the 
contrast in maximum and minimum field intensity will then be translated into the contrast 
of polymer crosslinking or scissoring and resulting in the recording of interference pattern 
(Figure 1.9).  
 
 
Figure 1.9 Examples of a match between (a) field intensity profile and (b) the resulting 
structure in a 1D line pattern.[46]. 
 
Depending on the number of laser beams being used, it is possible to generate 1D (with 
two beams), 2D (with three beams) and 3D structures (with four or more beams). In fact, 
by doing careful beam synthesis (i.e. controlling the wavevector, polarization direction of 
light, relative intensity, etc.), it is possible to generate all 14 Bravais lattices with more 




structure over large substrate area (i.e. controlled by the laser beam size) can be very easily 
created in a single step fabrication with an exposure time less than one second. The 
characteristic sizes and filling fraction of the structure can be easily controlled by the 
wavelength of the laser and the exposure dosage. These are the tremendous advantages 
over pretty much all the other possible approaches of making 3D scaffolds. Although the 
as-fabricated scaffold is photoresist based, which suggests little functionalities and limited 
index contrast to start with, the further material conversion could allow more interesting 
properties to take place.[48,49] 
 To obtain the interference patterns, one can use a set of beam splitters, polarizers, and 
mirrors to split a single coherent laser source into multiple side beams and then focusing 
them onto a single spot.[49] Or by placing a properly selected prism directly above or in the 
vicinity of the photoresist so that a single light beam can be simultaneously split into the 
desired number of light sources (Figure 1.10). Recently, as one example shown in Figure 
1.11, more sophisticated phase mask design with desired electric field spatial and phase 






Figure 1.10 Examples of periodic 3D structures created by holographic lithography with 
(a) four interference beam arranged in an umbrella geometry and (b) by placing a prism on 




Figure 1.11 Example of complex 3D nanostructures fabricated with high-resolution 





1.3 Challenges and Opportunities 
Although 3D PhCs have been full of promise and the development of PhCs has reached 
a stage that complex structures can be easily realized in general, the progress of 
implementation in practical use has been disappointing. Their 1D and 2D counterparts are 
frequently more favored for simple application demands like back reflectors for solar cells 
or LEDs, because of the much-lowered processing difficulties for achieving satisfactory 
performance. Moreover, since the performance of 3D PhCs has never met expectation, the 
applications involving more sophisticated physics have also been sluggish. Therefore, it is 
extremely important to recognize and identify what are the most outstanding questions in 
the 3D PhCs and find solutions to overcome these challenges. These questions include but 
not limited to 1) what are the opportunities in materials that can be used to improve the 
properties of the 3D PhCs; 2) how to improve the functionality of 3D PhCs; 3) how to 
reduce the difficulties in producing 3D PhCs with good quality. 
The first apparent challenge comes with how to generate a strong PBG with the 
selection of material and crystal arrangement. Although 3D PhCs holds the promise to 
modulate the propagation of light in all directions, the complete PBG cannot be 
automatically granted for a randomly selected crystal structure. It will require both a 
suitable crystal structure and a material with high enough refractive index contrast with the 
background medium. This can be easily understood in the way that complete PBG requires 
the forbidden propagation of photons with similar frequency range along with all directions 
in the crystal. Unfortunately, for most of the structures, the crystal’s lattice constants vary 
along different directions and therefore, as stated by 𝜔(𝑘) =  𝑐0𝜋 √𝜀⁄ 𝑎 , the spectral 




woodpile structure), which is one of the most isotropic structures in nature, a refractive 
index of 1.9 is required to open a complete PBG.[1] However, the fabrication of diamond 
lattice is difficult in the submicron lengths scale. For a more commonly seen inverse opal 
structure (i.e. the replica of the opal template with material conversion), larger index 
contrast for greater than 2.8 needs to be satisfied. Because of the lossless nature for sub-
bandgap energy photons, dielectrics are ideal candidates for making scattering and 
diffractive optics.[51,52] This automatically add a lot of restrictions to the material selection 
as for the commonly seen dielectrics, only Si, Ge, GaAs are known to have this high 
refractive index but they quickly becomes absorptive when it is close to NIR and visible. 
Even with the correct material and lattice arrangement, the additional difficulties in making 
enough defect free vertical repeating units also bring in obstacles for getting near perfect 
reflection. 
A smart way is to use materials with Drude type dispersion whose ε can become zero 
or negative at or at a frequency lower than the plasma frequency. Because of this interesting 
feature, it is therefore possible to create very large permittivity contrast with background 
hosting dielectric and to generate PhCs with intriguing band properties. If replace the high 
refractive index part of a dielectric PhC with metal, the 3D metallic PhCs present very 
different physics from dielectric PhCs in a way that not only a finite band can be open, but 
an extra forbidden band commences at zero frequency and extends was also present.[31,53,54] 
Fan and co-workers proposed in 1996 that by inserting isolated millimeter-sized metallic 
spheres in the dielectric medium, the ultra-large index contrast between the metal spheres 
and the surrounding medium can allow the formation of very strong omnidirectional PBG 




been several other experimental demonstrations in the long wavelength range using similar 
ideas,[56] such concept has not yet been fully deployed in NIR or visible regime, because 
of the difficulties in making periodic disconnected metal structures with such small 
characteristic feature sizes.    
Another obstacle is how to best utilize the functionality of the 3D PhCs if assume a 
crystal with the best optical properties can be achieved. To be more specific, the most 
significant benefit of using 3D PhC is the potential to completely modulate the light in the 
bandgap with a direct implication on the redistribution of the local photonic density of 
states (PDOS) inside bandgap and along the band edge.[3] Therefore, it is particularly 
meaningful if one can use the 3D PhCs to selectively suppress or enhance the light emission 
properties. This can be done in two ways, one is to control the emission properties of 
extrinsic emitters, like quantum dots and rare earth emitters, which requires the careful 
engineering of how the external emitter layer, as well as other functional materials, are 
placed inside the 3D PhC.[9] Whereas the other is to use the 3D metallic PhC as a spectral 
selective thermal emitter for thermophotovoltaic applications, because of its infinite band 
gap from zero frequency and a properly designed NIR band edge.[15,54] However, a good 
implementation of this application requires the material to be operated under high 
temperature (i.e. > 1300K) for extended hours so that the modulated Blackbody radiation 
can have a reasonable output power. Unfortunately, both introducing the emitter in the 
strongest photonic environment of a PhC and getting a metallic PhC that has good enough 
thermal stability have been proved to be extremely challenging.[57–59]  
To tackle some of the challenges, we will show in Chapter Two and Three 1) how a 




PhCs made by holographic lithography (Chapter Two) and 2) how metallic alloy systems 
may be more interesting than pure metals for 3D metallic PhCs applications under elevated 
temperature (Chapter Three and Chapter Four). Based on the learnings in these two 
chapters, we will then continue our discussions in Chapter Five and Chapter Six on how 
electrochemical approaches can become powerful in creating novel structures with superior 
electronic and photonic properties that can potentially lead to a significant improvement in 
the technology field. Finally, additional to the design of static photonic devices made with 
solid materials, in Chapter Seven, the design of a new dynamic controllable 3D PhC based 
on reconfigurable microplasma arrays is simulated and experimentally presented. With all 
these efforts, the goal of this thesis is therefore to build a better understanding of how light 
and materials with complex structures will interact and make an impact on the development 
of 3D PhCs as well as other nanophotonic technologies. 
1.4 References 
[1] J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D. Meade, Photonic crystals: 
molding the flow of light. Princeton university press, 2011. 
[2] J. D. Joannopoulos, P. R. Villeneuve, and S. Fan, “Photonic crystals: putting a new 
twist on light,” Nature, vol. 386, pp. 143–149, Mar. 1997. 
[3] E. Yablonovitch, “Inhibited spontaneous emission in solid-state physics and 
electronics,” Phys. Rev. Lett., vol. 58, no. 20, p. 2059, 1987. 
[4] S. John, “Strong localization of photons in certain disordered dielectric 
superlattices,” Phys. Rev. Lett., vol. 58, no. 23, p. 2486, 1987. 
[5] A. Moroz, “Three-dimensional complete photonic-band-gap structures in the 
visible,” Phys. Rev. Lett., vol. 83, no. 25, p. 5274, 1999. 
[6] M. E. Zoorob, M. D. B. Charlton, G. J. Parker, J. J. Baumberg, and M. C. Netti, 
“Complete photonic bandgaps in 12-fold symmetric quasicrystals,” Nature, vol. 404, no. 
6779, p. 740, 2000. 
[7] E. Yablonovitch, “Photonic crystals: semiconductors of light,” Sci. Am., vol. 285, 
no. 6, pp. 46–55, 2001. 
[8] G. von Freymann, V. Kitaev, B. V. Lotsch, and G. A. Ozin, “Bottom-up assembly 
of photonic crystals,” Chem Soc Rev, vol. 42, no. 7, pp. 2528–2554, 2013. 
[9] P. Lodahl et al., “Controlling the dynamics of spontaneous emission from quantum 




[10] S. Noda, M. Fujita, and T. Asano, “Spontaneous-emission control by photonic 
crystals and nanocavities,” Nat. Photonics, vol. 1, no. 8, p. 449, 2007. 
[11] I. S. Nikolaev, W. L. Vos, and A. F. Koenderink, “Accurate calculation of the local 
density of optical states in inverse-opal photonic crystals,” J. Opt. Soc. Am. B, vol. 26, no. 
5, pp. 987–997, May 2009. 
[12] A. Tandaechanurat, S. Ishida, D. Guimard, M. Nomura, S. Iwamoto, and Y. 
Arakawa, “Lasing oscillation in a three-dimensional photonic crystal nanocavity with a 
complete bandgap,” Nat. Photonics, vol. 5, no. 2, pp. 91–94, Feb. 2011. 
[13] S. A. Rinne, F. García-Santamaría, and P. V. Braun, “Embedded cavities and 
waveguides in three-dimensional silicon photonic crystals,” Nat. Photonics, vol. 2, no. 1, 
p. 52, 2008. 
[14] A. Mekis, J. Chen, I. Kurland, S. Fan, P. R. Villeneuve, and J. Joannopoulos, “High 
transmission through sharp bends in photonic crystal waveguides,” Phys. Rev. Lett., vol. 
77, no. 18, p. 3787, 1996. 
[15] P. Nagpal, S. E. Han, A. Stein, and D. J. Norris, “Efficient Low-Temperature 
Thermophotovoltaic Emitters from Metallic Photonic Crystals,” Nano Lett., vol. 8, no. 10, 
pp. 3238–3243, Oct. 2008. 
[16] I. Celanovic, F. O’Sullivan, N. Jovanovic, M. Qi, and J. G. Kassakian, “1D and 2D 
photonic crystals for thermophotovoltaic applications,” 2004, p. 416. 
[17] T. Tanabe, M. Notomi, S. Mitsugi, A. Shinya, and E. Kuramochi, “Fast bistable all-
optical switch and memory on a silicon photonic crystal on-chip,” Opt. Lett., vol. 30, no. 
19, pp. 2575–2577, 2005. 
[18] V. R. Almeida, C. A. Barrios, R. R. Panepucci, and M. Lipson, “All-optical control 
of light on a silicon chip,” Nature, vol. 431, no. 7012, p. 1081, 2004. 
[19] G. Liao, S. Chen, X. Quan, H. Chen, and Y. Zhang, “Photonic crystal coupled 
TiO2/polymer hybrid for efficient photocatalysis under visible light irradiation,” Environ. 
Sci. Technol., vol. 44, no. 9, pp. 3481–3485, 2010. 
[20] Y. Lu, H. Yu, S. Chen, X. Quan, and H. Zhao, “Integrating plasmonic nanoparticles 
with TiO2 photonic crystal for enhancement of visible-light-driven photocatalysis,” 
Environ. Sci. Technol., vol. 46, no. 3, pp. 1724–1730, 2012. 
[21] J. A. Lewis and G. M. Gratson, “Direct writing.” 
[22] J. A. Lewis, “Direct Ink Writing of 3D Functional Materials,” Adv. Funct. Mater., 
vol. 16, no. 17, pp. 2193–2204, Nov. 2006. 
[23] A. Ovsianikov et al., “Ultra-Low Shrinkage Hybrid Photosensitive Material for 
Two-Photon Polymerization Microfabrication,” ACS Nano, vol. 2, no. 11, pp. 2257–2262, 
Nov. 2008. 
[24] M. Deubel, G. von Freymann, M. Wegener, S. Pereira, K. Busch, and C. M. 
Soukoulis, “Direct laser writing of three-dimensional photonic-crystal templates for 
telecommunications,” Nat. Mater., vol. 3, no. 7, pp. 444–447, Jul. 2004. 
[25] S. Peng, R. Zhang, V. H. Chen, E. T. Khabiboulline, P. Braun, and H. A. Atwater, 
“Three-Dimensional Single Gyroid Photonic Crystals with a Mid-Infrared Bandgap,” ACS 
Photonics, vol. 3, no. 6, pp. 1131–1137, Jun. 2016. 
[26] K. K. Seet, V. Mizeikis, S. Matsuo, S. Juodkazis, and H. Misawa, “Three-
Dimensional Spiral-Architecture Photonic Crystals Obtained By Direct Laser Writing,” 




[27] S. Takahashi et al., “Direct creation of three-dimensional photonic crystals by a 
top-down approach,” Nat. Mater., vol. 8, no. 9, pp. 721–725, Sep. 2009. 
[28] X. Li, “Metal assisted chemical etching for high aspect ratio nanostructures: A 
review of characteristics and applications in photovoltaics,” Curr. Opin. Solid State Mater. 
Sci., vol. 16, no. 2, pp. 71–81, Apr. 2012. 
[29] H. Han, Z. Huang, and W. Lee, “Metal-assisted chemical etching of silicon and 
nanotechnology applications,” Nano Today, vol. 9, no. 3, pp. 271–304, Jun. 2014. 
[30] A. Boltasseva and V. M. Shalaev, “Fabrication of optical negative-index 
metamaterials: Recent advances and outlook,” Metamaterials, vol. 2, no. 1, pp. 1–17, May 
2008. 
[31] J. G. Fleming, S. Y. Lin, I. El-Kady, R. Biswas, and K. M. Ho, “All-metallic three-
dimensional photonic crystals with a large infrared bandgap,” Nature, vol. 417, no. 6884, 
pp. 52–55, 2002. 
[32] G. S. Lozano, L. A. Dorado, R. A. Depine, and H. Míguez, “Towards a full 
understanding of the growth dynamics and optical response of self-assembled photonic 
colloidal crystal films,” J Mater Chem, vol. 19, no. 2, pp. 185–190, 2009. 
[33] Z. Zhou and X. S. Zhao, “Flow-controlled vertical deposition method for the 
fabrication of photonic crystals,” Langmuir, vol. 20, no. 4, pp. 1524–1526, 2004. 
[34] L. Wang and X. S. Zhao, “Fabrication of Crack-Free Colloidal Crystals Using a 
Modified Vertical Deposition Method,” J. Phys. Chem. C, vol. 111, no. 24, pp. 8538–8542, 
Jun. 2007. 
[35] M. Trau, D. A. Saville, and I. A. Aksay, “Field-induced layering of colloidal 
crystals,” Science, vol. 272, no. 5262, pp. 706–709, 1996. 
[36] H. Zhang and P. V. Braun, “Three-Dimensional Metal Scaffold Supported 
Bicontinuous Silicon Battery Anodes,” Nano Lett., vol. 12, no. 6, pp. 2778–2783, Jun. 
2012. 
[37] A. Mihi, C. Zhang, and P. V. Braun, “Transfer of Preformed Three-Dimensional 
Photonic Crystals onto Dye-Sensitized Solar Cells,” Angew. Chem. Int. Ed., vol. 50, no. 
25, pp. 5712–5715, Jun. 2011. 
[38] J. J. Roa et al., “Mechanical properties of Al 2 O 3 inverse opals by means of 
nanoindentation,” J. Phys. Appl. Phys., vol. 49, no. 45, p. 455303, Nov. 2016. 
[39] M. T. Barako et al., “Thermal conduction in nanoporous copper inverse opal films,” 
in Thermal and Thermomechanical Phenomena in Electronic Systems (ITherm), 2014 
IEEE Intersociety Conference on, 2014, pp. 736–743. 
[40] M. Fu et al., “Anisotropic Colloidal Templating of 3D Ceramic, Semiconducting, 
Metallic, and Polymeric Architectures,” Adv. Mater., vol. 26, no. 11, pp. 1740–1745, Mar. 
2014. 
[41] X. Ye et al., “Morphologically controlled synthesis of colloidal upconversion 
nanophosphors and their shape-directed self-assembly,” Proc. Natl. Acad. Sci., vol. 107, 
no. 52, pp. 22430–22435, 2010. 
[42] J.-M. Meijer et al., “Self-Assembly of Colloidal Cubes via Vertical Deposition,” 
Langmuir, vol. 28, no. 20, pp. 7631–7638, May 2012. 
[43] V. Berger, O. Gauthier-Lafaye, and E. Costard, “Fabrication of a 2D photonic 




[44] M. Campbell, D. N. Sharp, M. T. Harrison, R. G. Denning, and A. J. Turberfield, 
“Fabrication of photonic crystals for the visible spectrum by holographic lithography,” 
Nature, vol. 404, no. 6773, p. 53, 2000. 
[45] H.-B. Sun, A. Nakamura, K. Kaneko, S. Shoji, and S. Kawata, “Direct laser writing 
defects in holographic lithography-created photonic lattices,” Opt. Lett., vol. 30, no. 8, pp. 
881–883, 2005. 
[46] J.-M. Park, W. Leung, K. Constant, S. Chaudhary, T.-G. Kim, and K.-M. Ho, 
“Laser Interference Lithography for Fabricating Nanowires and Nanoribbons,” 2011. 
[47] L. Yuan, G. P. Wang, and X. Huang, “Arrangements of four beams for any Bravais 
lattice,” Opt. Lett., vol. 28, no. 19, pp. 1769–1771, 2003. 
[48] R. Zhang, H. Ning, N. A. Krueger, D. Bacon-Brown, and P. V. Braun, “3D 
Holographic Photonic Crystals Containing Embedded Functional Features,” Adv. Opt. 
Mater., vol. 4, no. 10, pp. 1533–1540, Oct. 2016. 
[49] H. Ning et al., “Holographic patterning of high-performance on-chip 3D lithium-
ion microbatteries,” Proc. Natl. Acad. Sci., vol. 112, no. 21, pp. 6573–6578, May 2015. 
[50] S. Jeon et al., “Fabricating complex three-dimensional nanostructures with high-
resolution conformable phase masks,” Proc. Natl. Acad. Sci. U. S. A., vol. 101, no. 34, pp. 
12428–12433, 2004. 
[51] I. Divliansky, T. S. Mayer, K. S. Holliday, and V. H. Crespi, “Fabrication of three-
dimensional polymer photonic crystal structures using single diffraction element 
interference lithography,” Appl. Phys. Lett., vol. 82, no. 11, pp. 1667–1669, Mar. 2003. 
[52] W. Y. Zhang et al., “Robust photonic band gap from tunable scatterers,” Phys. Rev. 
Lett., vol. 84, no. 13, p. 2853, 2000. 
[53] S. E. Han, A. Stein, and D. J. Norris, “Tailoring Self-Assembled Metallic Photonic 
Crystals for Modified Thermal Emission,” Phys Rev Lett, vol. 99, no. 5, p. 53906, 2007. 
[54] K. A. Arpin et al., “Three-dimensional self-assembled photonic crystals with high 
temperature stability for thermal emission modification,” Nat. Commun., vol. 4, Oct. 2013. 
[55] S. Fan, P. R. Villeneuve, and J. D. Joannopoulos, “Large omnidirectional band gaps 
in metallodielectric photonic crystals,” Phys. Rev. B, vol. 54, no. 16, p. 11245, 1996. 
[56] D. F. Sievenpiper, E. Yablonovitch, J. N. Winn, S. Fan, P. R. Villeneuve, and J. D. 
Joannopoulos, “3D metallo-dielectric photonic crystals with strong capacitive coupling 
between metallic islands,” Phys. Rev. Lett., vol. 80, no. 13, p. 2829, 1998. 
[57] P. V. Braun, S. A. Rinne, and F. García-Santamaría, “Introducing Defects in 3D 
Photonic Crystals: State of the Art,” Adv. Mater., vol. 18, no. 20, pp. 2665–2678, Oct. 
2006. 
[58] N. R. Denny, S. E. Han, D. J. Norris, and A. Stein, “Effects of Thermal Processes 
on the Structure of Monolithic Tungsten and Tungsten Alloy Photonic Crystals,” Chem. 
Mater., vol. 19, no. 18, pp. 4563–4569, Sep. 2007. 
[59] N. R. Denny, F. Li, D. J. Norris, and A. Stein, “In situ high temperature TEM 
analysis of sintering in nanostructured tungsten and tungsten?molybdenum alloy photonic 







3D HOLOGRAPHIC PHOTONIC CRYSTALS CONTAINING EMBEDDED 
FUNCTIONAL FEATURES1 
 
2.1 Background and Motivations 
As introduced in Chapter One, PhCs are materials containing a periodically varying 
refractive index on a length scale comparable to the wavelength of light.[2–4] If the refractive 
index modulation extends in three-dimensions and the refractive index contrast within the 
structure is large enough, for certain structural symmetries, the stop band can exclude 
wavelengths of light in direction,[5] providing a so-called PBG material. Even without a 
photonic band gap, the optical density of states, which provides opportunities for photon 
management in applications such as solar energy harvesting [4–6] and high efficiency light 
sources[7–10], can be significantly enhanced within PhCs. The effect of an enhanced density 
of states on photoemission has focused on emitters embedded in 3D PhCs formed by 
colloidal self-assembly[11–13] and bulk micromachining,[14] however, emission from 
structures formed via direct writing[15], layer-by-layer assembly[16] and holographic 
lithography[17–20] has also been investigated. As mentioned in the previous chapter, 
holographic lithography, performed by a single exposure (seconds or less) of photoresist 
to a multi-beam interference pattern, is considered particularly versatile to create large-
area, defect-free structures of a diversity of symmetries.  
PhC structures often require the introduction of 0-, 1-, or 2D defects to enhance their 
function. Point (0D) defects offer opportunities for zero-threshold lasing and cavity 
                                                 





quantum electrodynamics studies,[21,22] line (1D) defects can act as waveguides,[23] and 
planar (2D) defects can serve as the basis for vertical cavities[7]. The strategic placement 
of defects within holographic PhCs (hPhCs) can be performed either by directly writing 
the defects by way of two-photon polymerization (TPP)[24] using high numerical aperture 
optics and high-precision beam steering or translation stages or, more interestingly, using 
a phase mask and spatial light modulator to control the phase of the interfering beams in 
the holographic lithography.[25] While TPP direct writing boasts the flexibility to arbitrarily 
position defects, in practice it has been difficult to control of the size, shape, and surface 
roughness of the introduced defects[23-25] to the 10s of nm level required to control the 
photonic response (e.g. defect mode spectral position, quality factor, and field 
distribution).[27] Similar challenges are faced by the phase mask strategy as it will be 
difficult to generate arbitrary 3D structures using 2D phase masks.[25] Additionally, both 
methods are constrained to additive formation of defects in photoresist and incorporating 
foreign optical materials (e.g. emissive or absorbing materials) required to expand the 
functionality of 3D hPhC architectures is challenging.  
Here we demonstrate a solution to introduce defects into hPhCs based on embedding 
pre-defined elements at well-defined locations inside an unexposed photoresist structure. 
The entire assembly is subsequently holographically exposed, resulting in a localized 
defect embedded in a 3D PhC, with the key requirement that the size and shape or the 
effective refractive index of the embedded defect does not significantly scatter light during 
holographic exposure. A diversity of functional materials and defects, including a rare earth 
nanocrystal layer were incorporated and optically studied. In depth analysis to understand 




the defect embedded hPhCs may also serve as templates for higher refractive index 
materials, providing a path to enhance light-matter interaction within the structure. 
2.2 Experimental Methods 
2.2.1 Transfer Printing  
To make the carrier stamp, PDMS (Dow-Sylgard 184) is cast onto flat containers and 
cut to dimensions of 1 in x 1 in. Prior to spin coating the defect layers or SU-8, oxygen 
plasma (600 mTorr, 50 W, 80s) is used to add –OH groups to the stamp surface. Particle 
dispersions or 2010 SU-8 (Micro Chem) are spin-coated separately onto stamps at 2000 
rpm for 30 s. Heat treatment is applied to the SU-8 (defect)-PDMS stamp with pre-baking 
in a conventional oven at 65 °C and 95 °C for 5 min each and then laminated against the 
receiver substrate after cooling back to room temperature. The SU-8 coated PDMS and the 
receiver substrate are clamped together and heated at 65 °C for 20 min prior to removal of 
the PDMS stamp (transferring the SU-8 to the receiver substrate). To fabricate the PSi thin 
film, a current density of 400 mA cm-2 was used to obtain a film index-matched to SU-8 (n 
~ 1.58 at λ = 0.532 µm) following a literature procedure.[28] Transfer of the PSi thin film 
was also accomplished by adopting a previously reported method[30].    
2.2.2 Template Fabrication  
Photoresist was prepared by mixing 0.5wt% photo-initiator, 
cyclopentadienyl(fluorene)iron(II) hexafluorophosphate (Aldrich), dissolved in 
cyclopentanone, to SU-8 solution (MicroChem, SU-8 2000 series). Glass and ITO 
substrates were cleaned in acetone and isopropanol, followed by O2 RIE at 50W for 5 min. 




After completing the transferring process, the sample was exposed to four visible laser 
beams split from one coherent laser source (laser output of 5.4 W, frequency-doubled Nd: 
YVO4 laser, 0.532 µm), arranged in an umbrella geometry for 0.34-0.4 s. The angle 
between the central beam and side beams were 42.5° in air, corresponding to 25° inside the 
unexposed photoresist. The central beam was circularly polarized, and the side beams were 
linearly polarized in their incident plans. After exposure, the sample was baked at 80 °C 
for 20 min in dry air and developed in PGMEA overnight, followed by sitting in 
isopropanol for 15 min. The sample was blow dried with N2 and then hard baked at 95 °C 
for 15 min. 
2.2.3 Optical Characterization and Simulation 
Reflectance spectra of photonic crystals were collected by a Bruker 70 FTIR system 
with 4× objective lens with 1.5 mm aperture at the image plane. Samples containing the 
LaF 3 :Nd3+ nanocrystal layer were excited at 0.796 µm by a Ti: Sapphire CW laser. 
Emission data of the nanocrystal were collected with a Hamamatsu H10330A-75 NIR 
PMT. The simulation of defect mode position variation and the optical response was carried 
out by Lumerical FDTD solutions. 
2.3 Results and Discussion  
Transfer printing has led to a new paradigm in device assembly. Using an elastomeric 
stamp, typically polydimethylsiloxane (PDMS), as a carrier, transfer printing enables pick-
and-place integration of disparate materials into electronic and photonic devices with 
performances and architectures that are not readily accessible by conventional fabrication 




within 3D hPhCs. The process, shown schematically in Figure 2.1, starts with a film of 
SU-8 photoresist (PR) spin-casted onto a glass/ITO substrate. The desired defect layer, 
whose effective refractive index should be close to that of SU-8 to minimize light scattering 
and image distortion during the holographic exposure, is then either formed directly on the 
PDMS stamp or retrieved from its host substrate with the PDMS stamp and printed onto 
the top of the existing SU-8 PR layer (Figure 2.1(a)). A second SU-8 layer is spin-casted 
on PDMS and subsequently printed onto the top of the defect layer (Figure 2.1(b)). The 
multi-level structure is then heated to 65 °C to soften the SU-8 and achieve an intimate 
contact between the defect layer and the SU-8 PR. The entire assembly is then exposed 
with the interference pattern of four intersecting laser beams from a frequency-doubled Nd: 
YVO4 laser (λ = 0.532 µm) recording a 3D PhC structure in the PR (Figure 2.1(c)). The 
3D hPhC with embedded functional defects (Figure 2.1(d)) is revealed after development 
in a solution of propylene glycol methyl ether acetate (PGMEA) and rinsing with isopropyl 






Figure 2.1 Schematic illustrations for fabricating the sandwiched PhCs: (a) printing defect 
layer onto spin casted bottom SU-8 layer; (b) print top SU-8 layer onto the defect layer; (c) 
holographic exposure of the sandwiched structure; (f) final structure after development. 
 
 
The most natural manifestation of this technique is to form a defect with a film of SU-
8 that has been exposed, but not crosslinked, because of the negligible refractive index 
difference between exposed and unexposed SU-8. Following holographic exposure and 
development, a solid, 2D SU-8 defect remains embedded inside of a hPhC, which 
resembles the important vertical microcavity (VMC) device.[15,32,33] While the dimensions 
of this planar SU-8 defect can match the aerial coverage of the hPhC (i.e. a single, solid 
slab of SU-8 between two hPhCs), the development process is very slow because the 
developing solution can only laterally access the bottom portion of the structure. We 
overcome this by exposing the SU-8 defect layer through a mask with an array of features 
(e.g. 100 µm x 200 µm rectangles), rather than flood exposing the entire SU-8 layer.  The 
result is an array of discrete, 2D defects embedded within the hPhC. Figure 2.2(b) shows 




has the same structural quality, including lattice registry through the structure, as the 
defect-free structure shown in Figure 2.2(a), as the patterning beams pass freely through 
the SU-8 defect layer. While the defect does not affect the structural quality, it does perturb 
the optical response of the hPhC by introducing states in the stop band that allow otherwise 
inhibited photon frequencies to more readily penetrate the hPhC structure. This behavior 
is readily apparent when observing the normal incidence reflectance spectrum of the hPhC 
VMC (Figure 2.2(c), solid curve). Compared to a defect-free hPhC (Figure 2.2(c), dashed 
curve), the hPhC VMC, exhibits a dip in reflectance at ~1.37 μm inside the hPhC’s Bragg 
peak that suggests the existence of a resonant cavity mode. Given a SU-8 defect thickness 
of ~0.85 µm thick and refractive index of ~1.57, the observed dip can be attributed to the 
resonant mode of a 1λ optical cavity (cavity optical thickness of one wavelength). It is 
speculated that the broadness of the resonant mode is due in part to the limited optical 






Figure 2.2 Cross-sectional scanning electron micrograph (SEM) images of a PhC with (a) 
no defect, (b) 850 nm thick SU-8 thin film (inset scale bar 500nm) and (c) reflectance 
spectrum of defect-embedded (solid curve) and defect-free (dashed curve) PhC.  
 
 
In our design, defects can come in various other forms and do not need to be 




defect as long as it does not significantly perturb the holographic exposure volume (e.g. 
light scattering) or physically interact with the PR and development process in an 
unfavorable way. Light scattering can be mitigated by closely matching the refractive index 
of the defect with the surrounding PR or by reducing the dimensions of the object so that 
it does not scatter significant light. As examples of embedded defects meeting these 
requirements, dispersed 500 nm silica microspheres, a highly porous silicon (PSi) film, and 
a thin LaF3:Nd
3+ nanocrystal layer were all embedded in hPhCs (Figure 2.3(a)-(c)). The 
holographically defined lattice is maintained after introduction of these foreign (not SU-8) 
defects. We envision the following possible use cases for these defects. The ability to 
localize a nanosphere within the hPhC structure creates an opportunity for a resonant cavity 
with ultrasmall mode volume[7,32]. The ability to tailor the effective refractive index of thin 
PSi films makes it very amendable to our technique; however, its reputation as a highly 
sensitive photonic sensing platform means that its integration with hPhCs could represent 
a unique, new sensor geometry[33,34]. Finally, rare earth emitters are stable and have high 






Figure 2.3 SEM images of the cross section for the PhC containing a (a) silica nanosphere, 
(b) thin PSi film and (c) printed LaF3:Nd
3+ nanocrystal layer. 
 
While all of these possibilities represent very interesting studies, here we focused on 
the optical properties of an emissive LaF3:Nd




polymer hPhC. To date, there have been limited studies on emitters embedded within 
hPhCs due to difficulties in integrating emissive materials into a photoresist matrix and 
because such studies are most interesting when the emitter is spatially localized, an 
attribute not provided by most embedding strategies. The introduction of emitters into PhCs 
often relies on either 1) immersion of porous PhCs in solutions containing nanoscale 
emitters (e.g. organic dyes or colloidal quantum dots), which results in random infiltration 
throughout the entire structure,[38,13,39,40] or 2) forming the 3D PhC scaffold within a 
sacrificial template while simultaneously “doping” the structure by the addition of emitters, 
such as rare earth ions, during the material growth process.[41] While these techniques have 
enabled studies of SE modification and radiative lifetime modification, both methods leave 
emitters randomly dispersed throughout the 3D PhC structure, and thus the emitters 
experience varying photonic environments depending on their location. Optimal studies of 
modified SE require that the emitters be placed at well-defined locations in 3D PhCs. Using 
our approach, the emitters can be localized in the desired location within a hPhC, for 
example the center, where the photonic confinement is strongest.  
As shown in Figure 2.4(a), a ~ 0.1 µm LaF3:Nd
3+ nanocrystal layer (thin enough to 
limit scattering during holographic exposure) can be placed at the center of a hPhC (9 layers 
top and bottom). When excited at 780 nm, the LaF3:Nd
3+ emission spectrum features two 
distinct peaks at 1.052 µm (primary peak) and 1.320 µm (secondary peak)[35] Due to the 
protection of the LaF3 host the Nd emission is not affected by the chemical environment 
since These emission peaks originate from parity forbidden transitions between energy 
levels of the 4f electrons and not from surface states. Our holographic patterning system is 




1.5 µm, so we focus our SE study on the 1.320 µm emission, while using the 1.052 µm 
emission as a reference. Two hPhCs containing LaF3:Nd
3+ nanocrystal layers are fabricated 
with different holographic exposure times, which alters the polymer filling fraction (pFF), 
and thus stop band position, of the resulting hPhC. The stop bands of the two samples are 
centered at ~ 1.3 µm (Sample 1, pFF = 35%) and ~ 1.4 µm (Sample 2, pFF = 50%). The 
SE spectra for both samples are shown in Figure 2.4 along with the spectrum of a reference 
sample of LaF3:Nd
3+ nanocrystals dispersed in a SU-8 film. After all spectra are normalized 
to the reference sample SE intensity at 1.052 µm, a ~ 25% suppression of the SE intensity 
at 1.320 µm is observed in Sample 1 (Figure 2.4(b), red curves) and a ~ 50% enhancement 
in the SE intensity is observed in Sample 2 (Figure 2.4(b), blue curves). In Sample 1, the 
SE line falls spectrally within the stop band. Due to the low index contrast between the 
polymer matrix and air, there is not a complete PBG to offer the explanation for the 
suppression in the SE intensity.[13] Rather, we believe that the suppression of SE intensity 
in Sample 1 is primarily caused by the Bragg mirror-like crystal planes along the (111) 
direction of the hPhC which preventing light from leaving the crystal. In sample 2, although 
the SE emission is located near the stop band edge, the enhancement in the density of 
optical states near the band edge in Sample 2 is not sufficient to explain the observed SE 
enhancement, as discussed by Megens,[42] given the low index contrast. Rather, the 
enhancement is probably a result of the SE coupling with a defect mode introduced by the 






Figure 2.4 (a) Cross-sectional SEM of a hPhC containing a thin LaF3:Nd
3+ nanoparticle 
layer embedded near the midplane of an 18-layer hPhC; (b) the spontaneous emission 
intensity from the LaF3:Nd
3+ nanocrystal layer within a 35% pFF hPhC (red, Sample 1) 
and a 50% pFF hPhC (blue, Sample 2), the reflectance (stop band position for the hPhCs), 
and the emission intensity of a reference LaF3:Nd
3+ nanocrystal layer (black). 
 
 
To understand how the printed defect alters the photonic properties of the hPhC and 
the SE of the embedded emitters, finite-difference time-domain (FDTD) analysis is used. 
The analysis is carried out on a structure created by first generating a perfect hPhC structure 
and then overwriting a section at the center of the hPhC, without modifying the surrounding 




situation where the defect thickness is set to be 100nm. The simulation results in Figure 
2.5 suggest the influence from the embedded defect layer with a finite physical thickness. 
When the defect layer is thin, the defect mode overlaps with a side fringe and cause the 
spectrum to shift slightly but a transmission dip in the main reflection band is not observed 
(Figure 2.5(a)). However, as suggested by Figure 2.5(b) and (c), the defect mode will result 
in a changed emission intensity around the same spectral location comparing to the defect 
free case as well as an improved electric field concentration around the finite defect layer 
at 1.335μm. Both improvement in intensity match well with the emission enhancement 
measured in our samples. 
 
Figure 2.5 FDTD simulation of (a) reflectance spectrum of defect free hPhC (solid curve) 
and 100nm thick defect containing hPhC (dashed curve), (b) the emission modification due 






Figure 2.6(a) shows the simulated spectral variation of the defect mode with 
increasing defect layer thickness in a hPhC matching that fabricated in Sample 2. Again, a 
thin defect layer, similar in thickness to the LaF3:Nd
3+ nanocrystal layer, causes a defect 
mode to emerge near the high frequency/short wavelength edge of the stop band (i.e. the 
air band). The defect mode subsequently red shifts within the stop band as the defect 
physical thickness increases. Interestingly, because of the defect overwrites the hPhC, the 
simulated shift of the defect mode is noticeably oscillatory in nature, whereas one would 
expect to see a linear trend when the defect is instead placed between two separate PhCs.[41-
43] To the best of our understanding, this nonlinear behavior results from the periodic 
variation of the surrounding environment in contact with the defect as the defect thickness 
increases. Because the defect overwrites the hPhC where it is placed, as the defect thickness 
increases, its boundaries propagate through the hPhC architecture. Given the periodic 
oscillation of the pFF, and thus local effective refractive index, within the hPhC unit cell, 
a periodic oscillation of the defect mode position is observed. This is in clear contrast to 
the conventional, linear trend that occurs when the thickness of defect layer changes, but 
its photonic environment remains unchanged. Figure 2.6(b) further supports that although 
the spectral position of the stop band changes with different pFF (i.e. lower pFF, “bluer” 
stop band position), the defect mode emerges as a “shallow” defect from the air band 
regardless. The shaded region in Figure 2.6(b) indicates the SE peak of the LaF3:Nd
3+ 
(linewidth ~ 0.02 µm) overlapping the 0.1 µm defect mode position in the simulated 50% 
pFF hPhC, but is far from the defect mode in the 35% pFF hPhC. These results suggest 
that the observed SE enhancement in the 50% pFF hPhC is due to the SE coupling to a 




see Figure 2.5). To obtain a better understanding of the sensitivity of the defect mode with 
the position of the defect layer, we conducted simulations to study the spectral relationship 
of the defect mode with respect to the spatial location of the defect layer inside an hPhC 
unit cell. The results shown in Figure 2.6(c) suggest that the variation of the defect mode 
position is again oscillatory as the defect layer scans through the unit cell, given the 
periodically varying photonic environment effect described above. A total spectral 
variation of ~10nm is seen for all thicknesses (100nm, 400nm, and 1000nm) simulated, 
indicating our approach is able to provide reliable control over the spectral position of the 
cavity mode without any special consideration for where the defect will reside within the 





Figure 2.6 FDTD simulation of the defect mode position with (a) increasing defect layer 
thickness, (b) hPhC pFF from 35% to 55%, with d = 100nm, and (c) the defect layer in 
different plane of the unit cell. n = 1.65 is used for all simulations. The hashed region 





While transfer printing is a promising new step towards constructing heterogeneous 
photonic architectures with localized defects, to achieve significant modulation of the 
density of optical states, or even a complete photonic band gap that inhibits the propagation 
of photons in all directions, it is necessary to enhance the refractive index contrast of the 
hPhC structure. Previously, we demonstrated that hPhCs can be inverted into copper I oxide 
(Cu2O) (n ~ 2.6)
[17,46] by electrodepositing Cu2O into the void space of the hPhC, followed 
by removal of the original SU-8 structure via reactive ion etching (RIE). Here, we invert 
the sandwich structure into Cu2O in an effort to enhance the photonic strength in a defect-
embedded hPhC. Figure 2.7(a) and (b) show SEM images of a LaF3:Nd
3+ nanocrystal 
embedded sandwiched structure before and after the inversion from SU-8 to Cu2O, 
respectively. The overall structure and the nanocrystal layer is preserved during the process. 
Perhaps surprisingly, we find that both the electrolyte for electrodeposition and the plasma 
radicals for RIE are indeed able to effectively access the bottom half of the structure below 
the LaF3:Nd
3+ even though the voids in this layer are on the order of a few nanometers. 
Lumerical FDTD is used to evaluate and compare the photonic responses between the SU-
8/Air based hPhC and its Cu2O/Air counterpart. Here, a pair of hPhCs with a total thickness 
of 5-unit cells are used for simulation to obtain a similar reflectance compared to that in 
Figure 2.2(c). The results for both of the reflectance and the emission modification are 
shown in the Figure 2.8. The red shift of the stop band position shown in Figure 2.8(a) is 
a result of the increased dielectric permittivity contrast in the hPhC. By enlarging the 
refractive index contrast from 1.58:1 to 2.62:1,[46] the peak reflectance of the stop band 
increased from ~70% to ~100% with the full width half maximum (FWHM) of the stop 




by opening up the band width of the hPhC. Broad band plane wave is used here as the 
emitter to cover the stop band position as it is greatly shifted from 1.40μm to 2.05μm after 
the material conversion. We assume all the light are emitted and collected in the direction 
normal to the plane of the light source. The results of emission modification in Figure 
2.8(b) show clear improvement of both light suppression inside the stop band (~50% 
remained for polymer hPhC and ~0% for Cu2O system) and, more significantly, the 
emission enhancement (i.e. ~1.3 times for polymer and ~4 times for Cu2O/Air) along the 
band edge after the material is converted. These results indicate the importance of high 
refractive index materials to achieve strong photonic confinement. The inversion process 
significantly broadens the materials space for this transfer printing approach, as 
electrodeposition and other deposition methods can be used to grow as wide set of 






Figure 2.7 (a) Before and (b) after electrodeposition of copper (I) oxide (Cu2O) and the 
removal of the SU-8 template by reactive ion etching (RIE), respectively. The inset is the 





Figure 2.8 Simulations of (a) reflectance spectrums of hPhCs composed of SU-8/Air and 
Cu2O/Air (with a total thickness of 5 unit cells) and (b) modified emission intensity of 
plane wave emitter placed at the center of both hPhCs from (a). 
 
2.4 Conclusions 
Here we provide a generalized transfer printing method for introducing external 
materials, with spatial and spectral control, into holographically-formed PhCs. Examples 
include, but are not limited to, 100 x 200 µm planar polymer thin films, rare earth emitters, 
colloidal spheres, and PSi thin films. This method provides control over both the total 
photonic crystal thickness, as well as the position and characteristic dimensions of the 
embedded feature, with the key requirements that the incorporated materials do not distort 
the holographic pattern and do not disrupt the general photolithographic process. Although 
rare earth emitters were used in this work, other classes of emitters (e.g. organic dyes and 




materials could all be utilized. Because the SU-8 defect layer is printed after exposure, but 
before crosslinking and development, it can be patterned into finite objects (e.g., lines, 
disks, circles), which also allows easier access of developer to the bottom part of the 
structure. After holographic exposure and development, the patterns will be embedded into 
a hPhC. Although we primarily demonstrate the embedding of planar defects in the hPhCs, 
our method allows the defect to be externally prepared prior to adding it to the photonic 
crystal. It is feasible to either use conventional lithographic techniques or 
micro/nanofabrication to make defects into multiple geometries which are not limited to 
2D, and from multiple materials. Although using our current method might be difficult to 
directly embed high aspect ratio structures, we are confident that it will be possible to 
embed defect layers in multiple steps that are complex in geometry. In terms of applications, 
we believe that this simple but very effective method could open up great opportunities for 
more flexible photonic structure and device fabrication, ranging from sensors and on-chip 
optoelectronics to metamaterials.  
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ELECTRODEPOSITED HIGH STRENGTH, THERMALLY STABLE 
SPECTRALLY SELECTIVE RHENIUM NICKEL INVERSE OPALS2 
 
3.1 Background and Motivations 
Metal foams produced by bubbling gas or adding foaming agents into molten metals 
generally contain wide distributions of pore diameters.[2–4] Motivating fabrication of foams 
with narrow pore size distributions, it has now been shown that porous materials composed 
of very well controlled networks of interconnecting hierarchical structures can exhibit 
properties far different than their bulk counterparts.[5,6] Through approaches which couple 
colloidal self-assembly, holographic lithography, and two photon direct laser writing with 
various material growth strategies,[7–10] three-dimensionally microstructured materials with 
interesting properties for applications in energy absorption,[11] electrochemical energy 
storage,[12–15] catalysis,[16,17] and filtration[18] have been realized. When the solids volume 
fraction in such structures is low, the general results are materials that can exhibit density-
mass relationships not available in solid materials.[5] When the characteristic dimensions 
are on the order of about a micron or less, and the structure appropriate designed, three 
dimensionally microstructured metals can also exhibit novel photonic properties, e.g., 
frequency selective light absorption and thermal emission[15,19–21] or strong plasmonic 
responses.[22] For a number of both photonic and non-photonic applications, e.g., 
thermophotovoltaics[23–26] and catalysis, long-term operation under extremely high 
temperature (i.e. > 1000 oC) can be required. All except the most refractory foams will 
                                                 
2 Content in this chapter was previously published by the author and by permission of The 




sinter and collapse under these conditions, which has led for these applications to a focus 
on microstructured conductive structures formed from tungsten (W),[26,27] tantalum (Ta),[25] 
carbon (C)[28,29] and electrically conductive ceramics.[26,30] For example, 3D tungsten (W) 
inverse opals made using atomic layer deposition (ALD) showed stability up to 1400 oC 
once coated with a thin ceramic coating.[26]  Compared to ALD, electroplating is more 
scalable, can be used to deposit a wider range of pure metals, metal alloys,[31,32] and 
semiconductors[16,31,33] without the need of vacuum processing. Electroplating can often be 
performed under aqueous conditions compatible with many classes of templates.[8,16] We 
and others have reported the electroplating of both W and Ta from high temperature molten 
salt or ionic liquid baths,[27,34] with the attempts to structure those materials into complex 
geometries, however the resulting structures did not exhibit the expected high temperature 
stability, and the high temperature of the plating process was experimentally challenging.[27] 
For example, the fact that a high temperature non-aqueous electrolyte was required 
undesirably reduces the list of template materials (for example, a polymer template formed 
via direct later writing would be difficult to use). It should also be noted that W and Ta are 
vulnerable to oxidation at high temperatures even under reducing atmospheres, due to their 
thermodynamically strongly favored oxide state.[35,36] 
Here we focus on electroplated rhenium (Re) structures. Re is a near noble transition 
metal, possesses the third highest melting temperature of all elements, a high modulus of 
elasticity, superior tensile strength, large creep-rupture strength, and is ductile between 
subzero and high temperatures.[37,38] Unlike W and Ta, Re does not readily oxidize in 
reducing atmospheres.[39] Due to these properties, Re has found use in jet engines and 




aqueous solutions, due to its redox potential being close to the hydrogen evolution 
potential,[37] co-plating of Re with transition group metal elements (Ni, Fe, Co) from low 
temperature aqueous baths has been shown for thin films with compositions up to 97 at% 
Re.[42,43] These works provided mechanistic studies of electrochemically-induced Re 
deposition, but no material properties or potential applications have been reported for 
electrochemically grown Re-rich alloys. Here, we report for the first time the formation 
and properties of three-dimensionally structured ReNi inverse opals using 
electrodeposition through self-assembled opal templates. These structures exhibit superior 
thermal stability relative to previously reported electroplated 3D metallic structures, 
frequency-selective reflection in the near infrared (NIR) spectrum and a higher mechanical 
strength and hardness than previously reported inverse opals.  
3.2 Experimental Methods 
3.2.1 Opal Template Assembly 
3D face-centered cubic opals are made by self-assembly of polystyrene (PS) colloids 
(ThermoFisher Scientific Inc.) via evaporation. 0.6 g of colloids are first well dispersed in 
45 ml of Millipore water by sonication. W foil, the substrate used here, is cleaned by 
sonication in acetone, isopropanol alcohol (IPA), and DI water for 15 min each, before use. 
The W foil substrates are then placed vertically within vials containing the colloidal 
dispersion and placed in an incubator at 55 oC driving water evaporation and thus opal 
formation. The resulting opal template is then sintered at 95 oC for 2 hours to strengthen 
the opal and increase the contact area of the spheres (which will become the connection 




3.2.2 ReNi Inverse Opal Growth  
The electroplating solution used in this work is adapted from earlier reported 
works.[42,43] Ammonium perrhenate (NH4ReO4  ≥ 99%, 316954 Sigma Aldrich) is used as 
the Re precursor and nickel(II) sulfamate tetrahydrate (Ni(SO3NH2)2.H2O 98%, 262277 
Sigma Aldrich) as the Ni precursor. Citric acid and NaOH are used as the complexing agent 
and pH adjusting agent, respectively. All electrolytes in this work are controlled to have a 
pH 6 ± 0.1. A concentration variation of 34-93 mM NH4ReO4, 34-120 mM Ni(SO3NH2)2 
are used depending on the need for obtaining different fractions of Re and Ni in the alloy. 
As one example, 93 mM NH4ReO4 and 93 mM Ni(SO3NH2)2 is used for getting the high 
Re concentration of ~88 at%. A three-electrode electrodeposition setup is used. The 
working electrode (cathode) is connected to the conductive substrate, Pt foil is used as the 
counter electrode (anode), and the deposition voltage is held near -0.77 volts vs. the 
Ag/AgCl reference electrode. The reference Ni IO is electrodeposited through the opal at 
a constant current density of 5 mA cm-2 in a Technic RTU Mechanical Agitation 
commercial solution. After the ReNi or Ni deposition is complete, the samples are 
immersed in THF overnight to dissolve the PS template.  
3.2.3 Material Characterization  
Imaging is performed using a Hitachi S-4800 SEM. Energy dispersive X-ray 
spectroscopy (EDX) is collected using an Oxford Instruments ISIS EDS X-ray 
Microanalysis System using an accelerating voltage of 15 keV. X-ray diffraction (XRD) is 
collected with a Philips X’Pert MRD system, using Cu Kα radiation (0.15418 nm), and a 
scan rate of 0.5o min-1. A Hysitron Triboindentor with a Berkvich tip is used to measure 




3.2.4 Thermal Annealing  
Thermal annealing studies are conducted in a Thermo Scientific tube furnace equipped 
with a quartz tube. Samples are placed in ceramic crucibles. The tube is typically purged 
with ultra-high purity forming gas (5% H2， 95% Ar) for at least 30min before annealing. 
The temperature ramp rate is set to 5 oC min-1. Forming gas (5% H2 in Ar) is used for all 
thermal annealing experiments to provide a reducing atmosphere. 
3.2.5 Optical Characterization  
Simulations on the ReNi IOs are carried out using Lumerical FDTD software. The 
optical constants for Re are obtained from the literature.[44] A Vertex 70 FTIR with a Bruker 
Hyperion microscope attachment is used for taking the reflectance spectrum from ReNi IO 
samples. The data, for all wavelengths, are collected using a 15 × CaF2 objective, a CaF2 
beam splitter and a liquid nitrogen-cooled InSb detector. 
3.3 Results and Discussion 
Discussions on electroplating ReNi alloy thin films, the plating mechanism, and 
alloying with other transition group metals can be found in literature,[42,43] and served as 
the starting point for this work. The fabrication scheme for the ReNi structures is shown in 
Figure 3.1(a) and discussed in details in the experimental methods. First, PS colloid-based 
3D sacrificial templates are self-assembled on a conductive substrate. Samples are then 
placed in the plating solutions and held at a constant electric potential. The deposited alloy 
fills the interstitials of the stacked spheres, forming a continuous network. After sacrificial 
template removal, the resulting structure consists of a network of close-packed air spheres 




template on a gold coated glass substrate, deposited from a pH 6 aqueous electrolyte 
consisting of 93 mM NH4ReO4, 93 mM Ni(SO3NH2)2, and 343 mM citric acid. The 
interface between the filled and non-filled opal regions is smooth and flat, in distinct 
contrast with the rough films observed in the literature for template-free growth of similarly 
thick films;[42] this reduction in roughness of electrodeposited films due to the template is 
something we have observed in many systems. A few small cracks are detected in the cross-
sectional images, perhaps caused by the hydrogen evolution during the electrodeposition. 
It has previously been shown that hydrogen can both accumulate and penetrate into plated 
metals and result cracking due to hydrogen embrittlement.[45] The close-packed air spheres 
observed after the removal of the PS spheres (Figure 3.1(c)) closely matches the initial 
size and arrangement of the spheres. The inset shows the surface of the as-deposited ReNi 
inverse opal is smooth with no visible grain structure. Strong coloration is observed in the 
optical image (Figure 3.1(d)) due to light scattering from the surface which is textured 






Figure 3.1 (a) Schematic for the ReNi inverse opal fabrication process. (b) SEM cross 
section of a Re88Ni12 half-filled opal template and (c) SEM large area and higher 
magnification (inset) top-view of an Re88Ni12 inverse opal. (d) Optical image of a Re88Ni12 
inverse opal on a W substrate. 
 
EDX spectroscopy (Figure 3.2(a)) is collected from a sample deposited using the 
recipe described above. Both the Re M peak (1.842keV) and Lα peak (8.651keV) as well 
as Ni Lα and Kα peaks (0.851keV and 7.477keV, respectively) are clearly observed. 
Inductively coupled plasma atomic emission spectroscopy (ICP) indicates the sample is 88 
at% Re and 12 at% Ni (this sample will be referred to as Re88Ni12). XRD was collected 
from samples on the W substrates before and after annealing at 700 oC (Figure 3.2(b)) 
After annealing for 5h at 700 oC, multiple peaks at positions similar but offset to a small 
degree for both hcp Re and hcp Ni are observed. Based on the ICDD reference cards 04-
001-0055 (Re, hcp) and 01-089-7129 (Ni, hcp), we surmise the co-deposited Re and Ni 
forms a hcp solid solution with peaks offset from both pure Re and pure Ni. Based on 
Vegard’s law, using the lattice parameters of hcp Re and Ni, we estimate the composition 




strong W (200) peak, along with a (211) peak, are also detected, indicating that the W 
substrates are polycrystalline, but mostly (200) oriented. In contrast with after annealing, 
in the as-deposited sample, neither Re nor Ni peaks are observed in XRD, and only a diffuse 
hump is observed, suggesting that the material is either amorphous, or very small grain.  
 
Figure 3.2 (a) EDX spectrum for Re88Ni12 sample deposited on an Au coated glass 
substrate and (b) XRD spectra for a sample deposited on W before and after annealing at 
700 oC. W (blue), Re (green), Ni (red), and ReNi (black) peak positions are labeled. 
 
The thermal stability of samples with different compositions were investigated. First 
pure Ni, Re55Ni45, and Re88Ni12 were investigated. SEM images of each sample after 
annealing at 700 oC for 1h are shown in Figure 3.3(a)-(c). It is clear Re enhances the 
thermal stability. After annealing, the microstructure of the Ni IO drastically degrades 
while the Re88Ni12 scaffold shows almost no change other than the emergence of small 
cracks on the surface. The Re55Ni45 scaffold shows an interesting behavior. An intact, but 
rough scaffold with particles scattered throughout the structure is observed. This 
morphology is perhaps caused by phase separation into a Re-rich phase and a Ni rich 




instable Ni-rich phase diffusing around on the surface forming clusters. We then evaluated 
the thermal stability of several Re-rich compositions, Re63Ni37, Re80Ni20 and Re88Ni12. 
Figure 3.3(d)-(f) shows SEM images of these compositions after annealing at 1000 oC for 
1 h, which further supports that the greater the Re content, the more thermally stable the 
scaffold. Although it may have been interesting to evaluate even greater Re content alloys, 
the very low faradaic efficiency (< 10% for a films with final Re content of > 90%) during 
the fabrication of alloys lead to significant side reactions,[42] resulting in deposition of low 
quality materials. 
 
Figure 3.3 SEM images of inverse opals after thermal annealing (a) Ni, (b) Re55Ni45, (c) 
Re88Ni12 at 700 
oC for 1 h and (d) Re63Ni37, (e) Re80Ni20 and (f) Re88Ni12 at 1000 
oC for 1 
h. All annealing tests are conducted under forming gas. Sample compositions quantified 
by ICP.   
 
The thermal stability of the Re88Ni12 scaffolds, the highest Re content consistently 
obtained in a high-quality sample, was then investigated over longer annealing times. 
Shown in Figure 3.4 are the SEM images after annealing at 1000 oC for Figure 3.4(a)-(c) 




remained past 5 h. From Figure 3.4(c) and Figure 3.4(f), it is clear that grain growth and 
surface diffusion are both contributed to surface roughening and the degradation of the 
structure. After annealing for 10 h (Figure 3.4(g)), the structure lost considerable structural 
integrity and appeared like the pure Ni sample annealed at 700 oC. Our material therefore 
presents not only the highest thermal stability compared to the list of previously reported 
electroplated refractory inverse opals (i.e. bulk material melting temperature higher than 
1400 oC), but also outstanding properties relative to those prepared from other synthetic 
methods (Table 3.1).  
To improve the thermal stability, a 25 nm thick Al2O3 or HfO2 layer was conformally 
grown on the scaffold surface via atomic layer deposition (ALD). Figure 3.4(h) and Figure 
3.4(i) present images of the Al2O3 and HfO2 protected structures, respectively, after 
annealing at 1000 oC for 12 h. The Al2O3 coating leads to a clear stability improvement, in 
agreement with other reports where refractory ceramic coatings are used to slow down 
material remodeling processes.[26,27] However, the HfO2 layer does not appear to protect 
the structure, in contrast with other reports that suggest HfO2 would be a better protective 
coating than Al2O3 because of its higher melting temperature.
[26] This may be caused by a 
reaction mechanism reported previously,[47] where HfO2 is reduced by Re in the presence 
of hydroxyl groups. Since our Re alloys are deposited from aqueous solution, there may be 





Figure. 3.4 SEM images of bare Re88Ni12 inverse opals after annealing at 1000 
oC for (a)-
(c) 1 h, (d)-(f) 5 h and (g) 10 h. Higher magnification images after annealing for 12 h at 
1000 oC for Re88Ni12 inverse opals protected with (h) 25 nm Al2O3 and (i) 25 nm HfO2. 
 

















Fe 1538 Pyrolysis ~400 Unknown Unknown [48] 




RT 550-600 ~1 [50] 




425 <1000 <0.5 [52] 










As previously mentioned, refractory photonic crystals (PhCs) have been suggested as 
spectrally-selective emitter elements for thermophotovoltaic energy harvesting 
systems.[25,26] Because of their thermal stability, ReNi PhCs could be interesting for such 
an application. To gain an understanding for the potential of ReNi PhCs, the reflectance 
spectra of our ReNi inverse opals are both simulated using Lumerical FDTD, and 
characterized using FTIR. Figure 3.5 summarizes the simulated and experimental data. 
Since our material is nearly 90 at% Re, the optical constants for pure Re are adopted here 
for the simulation.[44] Shown in Figure 3.5(a) are reflectance simulations for structures 
with air sphere diameters of 600 nm, 1000 nm and 1400 nm. The simulations are internally 
consistent, with an air-sphere size dependent transition between a high reflectivity at longer 
wavelengths (longer than ~4 μm) and a low reflectivity at shorter wavelengths. Shown in 
Figure 3.5(b) are reflectance spectra measured from the Re88Ni12 inverse opals made using 
1000 nm diameter PS spheres as well the 1000nm air-sphere simulation from Figure 3.5(a) 
for comparison. The reflectance from the as-deposited samples agrees well with the 
simulation, with only a slightly lowered reflectivity at longer wavelengths. A 5% to 10% 
decrease in reflectivity is observed after annealing the sample at 1000 oC for 1 h, however, 
the shape of the reflectivity curve is maintained. Annealing of the same sample under 
1000oC for an additional 5 h reduces the reflectivity further. As observed in the SEM 
images (Figure 3.4), after 1 h at 1000 oC the structure is relatively intact, while after 5 h, 





Figure 3.5 (a) FDTD reflectance simulations of Re inverse opals containing 600 nm, 1000 
nm and 1400 nm diameter air spheres. (b) FTIR measured (solid lines) reflectances of a 
Re88Ni12 inverse opal templated by 1000 nm spheres as-deposited, and after annealing at 
1000 oC for 1 h and 5 h. The 1000 nm simulation from (a) is included on (b) (dot-dashed 
line). 
 
We evaluated the mechanical property of the ReNi inverse opals using a Berkovich 
indentation tip. To ensure sufficient contact area between the tip and the sample, while 
avoiding substrate-induced artifacts due to excessive compression of the scaffold, a 
maximum load of 3.5 mN is used, and the maximum indentation depth is set to ~600 nm 
which is less than 10% of the total sample thickness. To minimize sample-to-sample 
variation, both a pure Ni inverse opal and a Re88Ni12 inverse opal are prepared from two 
equivalent pieces of polystyrene opal templates originating from a single larger piece, 
guaranteeing the two opals contain the same microstructure. The electroplated Ni and ReNi 
samples were then cropped into two equivalent pieces with one piece annealed at 500 oC, 
and the other not. The metal filling fraction of the porous scaffold is estimated to be about 
20% using a method previously discussed in the literature.[13] Figure 3.6(a) shows the load 




conditions.  The elastic modulus (E) and hardness (H) of the four inverse opals, averaged 
over 20 indents each, are summarized in Figure 3.6(b). The pure Ni sample exhibited an 
E of 28 ± 6 GPa and H of 0.30 ± 0.08 GPa, the as-deposited Re88Ni12 sample exhibited an 
E of 31.07 ± 6.32 GPa and and H of 0.41 ± 0.12 GPa. While there are no clear differences 
in the mechanical properties of the annealed and unannealed Ni inverse opals, for the 
Re88Ni12 sample, after annealing, E increased to 35.15 ± 8.03 GPa, and H nearly doubled 
to 0.79 ± 0.24 GPa. Table 3.2 shows the hardness of the annealed Re88Ni12 sample is about 
1.4× higher than the hardness of previously reported SiC inverse opals which at that time 
was the greatest hardness measured for an inverse opal.[54] We suspect that the 
improvement in mechanical properties were resulted from both material densification after 
annealing and the reduction of hydrogen embrittlement by driving hydrogen out of the 
structure, a problem frequently seen in electrodeposited metals that leads to reduced 
ductility.43 
 
Figure 3.6 Mechanical properties of Ni and Re88Ni12 inverse opals (as deposited and after 
annealing at 500 oC for 10 h) (a) Typical load displacement nanoindentation curves and (b) 





Table 3.2. List of results on the elastic modulus (E) and hardness (H) of available ceramic 
and metallic 3D inverse opals. 
Material E (GPa) H (GPa) Reference 
SiC 25 0.56 [55] 
TiO2 @ Silica 1.7-8.3 0.04 - 0.4 [56] 
Al2O3 2.5-7.5 0.15-0.3 
[57] 
Cu 20 NA [58] 
Ni ~28 ~0.3 This work 
Re88Ni12 ~35 ~0.8 This work 
 
3.4 Conclusions 
Here we report the first ReNi alloy inverse opals formed by electrodeposition through 
self-assembled polystyrene sacrificial opal templates. The resulting Re-rich three-
dimensionally microstructured materials contain a periodic internal pore structure and are 
thermally stable up to 1000 oC for several hours, exceeding the thermal stability of all 
previously electrodeposited inverse opals. In addition to the excellent thermal properties, 
the structures exhibit an ~60% modulation in reflectivity between 1 and 5 µm, even after 
annealing under 1000 oC, which may make such materials interesting as refractory optical 
elements. The pronounced high strength and toughness, outstanding thermal stability, as 
well as the ease by which the Re and Ni composition can be adjusted may also enable these 
structures to find use in high temperature mechanical applications including actuators or 
filtration,[59,60] and 3D scaffolds for high temperature material synthesis (e.g. CVD 
graphene synthesis[61]) and high temperature catalysis.[62]  
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PACK ALUMINIZATION ASSISTED ENHANCEMENT OF THERMO-
MECHANICAL PROPERTIES IN NICKEL INVERSE OPAL STRUCTURES3 
 
4.1 Background and Motivations 
There are many critical applications that would benefit from inverse opals with 
improved thermal, chemical, and mechanical properties.[2–6] These include MEMS devices 
for deep well drilling, on-cylinder automotive sensing,[7] structural coatings for gas turbines 
and pipelines, and thermophotovoltaics for solar energy harvesting.[8,9] However, a 
significant limitation of non-refractory, metallic inverse opals is their poor thermal stability 
arising from their large surface area to volume ratio that promotes sintering and a 
consequent loss of structure and properties at elevated temperatures. They often also 
display poor oxidation resistance due to formation of deleterious non-passivating oxide 
scales. Low-temperature chemical modification (alloying) of these structures is a potential 
route to make them appropriate for high-temperature applications.  
Various groups have attempted to make the inverse opals from refractories to improve 
their thermal stability.[4,5,8,10–13] Just like the work we shown in Chapter Three, using 
Rhenium based alloy refractory alloy system we have successfully demonstrated the 
improved the thermal and mechanical properties of porous microstructures, but due to the 
scarce amount of storage in the earth crust, the cost of using Re in large scale can be 
significantly higher than working with non-refractory metals such as Ni. Therefore, finding 
                                                 
3 Content in this chapter was previously published by the author and reprinted (adapted) 




a reliable approach to synthesis refractory metallic microstructure from non-refractory 
metals can make a significant impact in both academia and industry.  
Pack aluminization is a halide salt activated chemical vapor deposition process that is 
commonly used to create Al-rich diffusion coatings on high-temperature alloys for 
improved oxidation resistance.[14]  Diffusion coatings are unique in that they do not have a 
distinct coating-alloy interface, which may be prone to degradation and mechanical failure.  
In further contrast to other coating processes like atomic layer deposition and physical 
vapor deposition, which are only compatible with small structures, the aluminization 
process is easily scalable. Components of any size and geometry may be embedded into a 
powder based pack and coated with aluminum through thermal activation. For example, 
industrial turbine blade airfoils are frequently aluminized to improve mechanical properties 
and oxidation resistance.[15] This vapor mediated chemical modification method does not 
require line-of-sight and is therefore easily adaptable to porous structures. Two 
simultaneous thermally induced processes occur during pack aluminization of porous 
structures: (i) the formation of aluminum halide vapors and their infusion into the inverse 
opal structure (ii) reduction of the vapors at the Ni surface to form a Ni-Al diffusion couple 
through the consequent interdiffusion process. The inward diffusion of Al into the Ni 
matrix leads to the formation of nickel aluminide intermetallic phases the details of which 
are dependent on the activation temperature and final composition.  
Hodge, et al. and others have applied the pack aluminization process to large cell 
stochastic Ni foams to improve their thermo-mechanical properties.[16–18] Through a high-
temperature, two-step approach, the stochastic Ni foams were completely converted to the 




coating applications. However, given the large-scale, stochastic nature of these foams, 
structural evolution during the aluminization and homogenization treatments could not be 
evaluated.  
This chapter demonstrates that low-temperature pack aluminization can be used to 
enhance the thermo-mechanical properties of metallic Ni inverse opals with a much finer-
scale porous structure than examples in the literature, which generally consisted of 
randomly structured open-cell Ni foams with much larger characteristic dimensions. The 
curvature and large surface area to volume ratio of the Ni inverse opals used here limit their 
thermal stability to moderate temperatures and thus commonly used aluminization 
temperatures around 1000 oC would not be feasible. This work aims to preserve the fine, 
deterministic structure of simple Ni inverse opals, thereby achieving comparable thermal 
stability to refractory or refractory coated inverse opals, by low-temperature adaption of 
the aluminization process, such that the entire inverse opal structure is converted to a more 
thermally stable composition and microstructure. Using a high activity pack, controlled 
amounts of aluminum could be infused into the entirety of the bare Ni inverse opals during 
a single treatment at 550 oC, forming a Ni(Al) solid solution with strengthening Ni3Al 
intermetallic precipitates, thereby resulting in enhanced thermo-mechanical properties.  
4.2 Experimental Methods 
4.2.1 Fabrication of Ni inverse opals  
The basic methodology used to make inverse opals, colloidal crystal templating, is 
illustrated in Figure 1(a). The starting colloidal crystals can be self-assembled from 




interest. The interstitial space of this structure is then infused with the material of interest, 
followed by dissolution of the colloidal spheres  
W substrates, 0.127 mm in thickness (Sigma Aldrich) were cleaned by sonication in 
acetone, isopropyl alcohol, and DI water for 15 minutes each prior to use. After drying, the 
pretreated substrates are placed vertically in a vial containing a suspension of polystyrene 
spheres (1 µm diameter) in water at 55 oC for self-assembly onto the substrate during 
solvent evaporation resulting in a polystyrene opal structure. Post self-assembly sintering 
of the opals at 95 oC for 2 hours was used to prevent delamination from the W substrate 
while infilling the pores via electrodeposition. The electrodeposition was conducted in a 
commercial electroplating solution (Techni Nickel S, Technic Corp) under a -1.7 V 
potential against a Pt electrode. The thickness of the structured Ni layer is controlled by 
the deposition time. After deposition, the polystyrene templates were removed completely 
by immersing the Ni deposited sample in tetrahydrofuran followed by rinsing with DI water 
and ethanol before drying.  The inset SEM shows the structure of the as-deposited Ni 
inverse opals. 
4.2.2 Pack aluminization process  
A high activity pack similar to that used in the previous studies[14] comprised of three 
components was utilized: 82 wt. % inert Al2O3 powder (Baikowski, 99.9 % pure), 3 wt. % 
NH4Cl activator (Alfa Aesar, 99.999 % pure), and a 15 wt. % Raney-nickel aluminum 
source (Ni-50 wt. % Al, Acros, 99.99 % pure). This was to ensure a sufficiently high 
aluminum chloride vapor pressure at a sufficiently low activation temperature34 to 




were thoroughly mixed using Al2O3 ball milling media for 48 hours to ensure homogeneity 
in the pack. 
The aluminization process is schematically depicted in Figure 4.1(b). The Ni inverse 
opal on a W substrate is wrapped in an Al2O3 cloth (Zircar Zirconia, ALF-50 Felt) and 
encased in the high activity pack. The W substrate was used to minimize interdiffusion at 
the Ni-substrate interface during thermal activation; however, any other electrically 
conductive material of choice could replace it. The protective Al2O3 cloth was used to avoid 
direct contact between the sample and the pack, which reduces the risk of localized melting 
or adhesion of pack particles. Thermal activation was carried out at 550ºC under low pO2 
conditions (10-12-10-14 entering the furnace) for 1 hour in a custom rail furnace under 
flowing gettered Ar gas to minimize the oxidation of the Ni inverse opals. The temperature 
of 550 oC was a tradeoff between the thermal stability of the bare Ni inverse opals and the 
thermal activation required to produce aluminum chloride vapors. The 1 hour duration was 






Figure 4.1 (a) Outline of the colloidal crystal templating technique used to fabricate 
inverse opal structures. Detailed fabrication processes can be referred to the experimental 
section and Chapter Three. (b) General crucible nesting technique used in the pack 
aluminization process. Here a Ni inverse opal (5 mm x 5 mm x 3.5 μm) on a W substrate 
(0.127 mm thick) is wrapped in alumina felt cloth and embedded in a high activity pack. 
Thermal activation in an inert environment (gettered argon) is required in order to produce 
aluminum chloride vapors. 
 
4.2.3 Thermal stability tests 
Two environments were used to assess the thermal stability of bare and aluminized Ni 
inverse opals. A mildly oxidizing (low pO2) atmosphere, similar to that described for the 
pack aluminization process, was used to explore the combined effect of temperature and 
controlled oxidation between 550-700 oC. These tests were conducted in a sequential 
manner in 50 oC increments on the same sample for 1 hour each, after which the sample 
was moved into a cool zone without changing the environment using a push-rod system 
where it was held until it reached room temperature. A highly reducing environment was 
also employed by performing the heat treatment under forming gas (N2 + 5% H2), so that 




These tests were carried out in a tube furnace and the samples were furnace cooled to room 
temperature after 1 hour. 
4.2.4 Glancing incidence x-ray diffraction (GIXRD)  
GIXRD was conducted in a Philips X’Pert 2 Diffractometer to identify the phases 
present in the Ni inverse opals both before and after heat treatments. Cu Kα radiation with 
a 1 mm x 3 mm spot size and 1o angle of incidence was used for all the tests. The small 
incidence angle ensured maximum signal from the inverse opals while minimizing the 
signal from the W substrate. 
4.2.5 Mechanical properties measurement  
Nanoindentation (Hysitron TI950 Triboindenter) was performed on both bare and 
aluminized Ni inverse opals. A Berkovic diamond tip with a 20 nm radius and a predefined 
triangular load-displacement function with a 1.5 mN maximum load was used for each 
indent. Care was taken to space the indents at least 50 μm away from each other by making 
one indent per inverse opal island to avoid any overlap or interaction. The indent depth was 
less than ten times the film thickness and more than twice the tip radius to avoid substrate 
effects and other testing artifacts. Twenty indents each were performed on a 3.5 μm thick 
multilayer Ni inverse opal sample before and after aluminization. The data was filtered for 
outliers using the modified Thompson tau technique to get representative values for both 







4.3 Results and Discussion 
A series of images of a Ni inverse opal sample after aluminization and sequential heat 
treatments from 600-700 oC on the same sample in low pO2 conditions is shown in Figure 
4.2(b)-(e). Care was taken to image the same randomly chosen area of the sample after 
each treatment for direct comparison of the structure of the sample between treatments. 
The overall opalescent structure of the aluminized Ni inverse opals remained intact (Figure 
4.2(f) and (g)). In contrast to the bare (as deposited) Ni inverse opals in Figure 4.2(a), there 
is a loss of perfection in the structure caused by Al deposition and its consequent 
interdiffusion.  The biggest differences in perfection occurred after the initial aluminization 
process at 550 oC (Figure 4.2(b)) with no major changes observed upon subsequent heat 
treatments (Figures 4.2(c)-(e)) at higher temperatures. The result of the thermal stability 
test on a different aluminized Ni inverse opal sample under reducing conditions at 1000 oC 
is shown in Figure 4.3(a). Aside from some blunting of originally sharp surface features, 
the overall structure remains intact under these conditions. As a side by side comparison, 
the bare Ni IO without the aluminization process lost the majority of its structure under 





Figure 4.2 (a) Comparison of a Ni inverse opal sample to its (b) as aluminized structure 
and its progression as it is heat treated to (c) 600 oC, (d) 650 oC, and (e) 700 oC for 1 hour 
each under mildly oxidizing conditions (low po2). All images have been taken from the 
same randomly chosen area of the sample for direct comparison using fiducial Vickers 
indents. The left column is a low magnification image and the right column is a high 
magnification image provided to ensure the same area of the sample is being compared. 
The scale bar is common to each column through (e). Digital optical images of (f) as 
deposited and (g) aluminized and heat treated to 700 oC samples (common scale bar for (f) 






Figure 4.3. Scanning electron micrograph of (a) an aluminized Ni inverse opal sample heat 
treated under reducing conditions (forming gas) at 1000 oC for 1 hour. The periodic inverse 
structure remains intact even at this elevated temperature. Some blunting of sharp surface 
features is observed and (b) a bare Ni inverse opal sample heat under the same atmospheric 
condition at 500 oC for 1 hour.  
 
Evidence of the Ni3Al phase in the as aluminized Ni inverse opals is directly observed 
from the GIXRD data presented in Figure 4.4. To compliment this, energy dispersive X-
ray spectroscopy (EDX) in a scanning electron microscope (SEM) on as aluminized Ni 
inverse opal samples showed the presence of Al to be in the vicinity of 9 wt. % Al which 
puts their composition in the Ni-Ni3Al two-phase region of the Ni-Al equilibrium phase 
diagram.28 A shift in the lattice parameter of the Ni (111) peak towards higher values is 
also observed as expected from the Al in solid solution. Similar GIXRD tests run on the 
same aluminized Ni inverse opal sample after heat treatments at 550 oC and 700 oC under 
low pO2 conditions are also shown in Figure 4.4 (c) and (d), respectively. The additional 
heat treatment at 550 oC caused a slight drop in the Ni3Al peak intensities, which is likely 
due to homogenization of the aluminized Ni inverse opals facilitated by inward diffusion 




treatments up to 700 oC, this peak is too weak to detect suggesting the homogenization 
process is completed.  The topmost pattern (Figure 4.4(e)) was collected following heat 
treatment of an unmodified (as deposited) Ni inverse opal under the same low po2 
conditions at 550ºC for 1 hour.  In addition to the dramatic microstructural changes evident 
in Figure 4.3(b), this pattern also shows evidence of NiO formation, which was not 
observed on any of the Al-modified samples. 
Nanoindentation data from the bare and as aluminized Ni inverse opals are shown in 
Figure 4.5. Elastic modulus values of the 0.22 volume fraction Ni inverse opals show good 
agreement with previous literature using a Poisson ratio of 0.31.[19] A clear increase in both 
the elastic modulus (calculated from reduced modulus using the Oliver-Pharr contact 
mechanics model) and hardness of the inverse opals is seen as a consequence of the 
aluminization process. When compared to the bare Ni inverse opals, a 17.6 % increase is 
observed in the elastic modulus (Figure 4.5(a)) and an 81.6 % increase is observed in the 
hardness (Figure 4.5(b)). However, as the volume fraction is not fixed in the two cases, 
normalizing for the increased volume fraction of the aluminized Ni inverse opals (0.2365 
volume fraction, based on SEM EDX Al concentration) still results in an increase in 
intrinsic strength of the inverse opals by 9.4 % in the elastic modulus.[19] Making such a 
corrected comparison for hardness values is less straightforward due to the lack of 





Figure 4.4. GIXRD results for Ni inverse opals in the (a) as deposited, (b) as aluminized, 
and aluminized low po2 heat treated form at (c) 550 
oC and (d) 700 oC for 1 hour. The 
evolution of the Ni3Al phase on aluminization of the Ni inverse opal sample and the effect 
of consequent heat treatments is evident from the reducing intensity of the Ni3Al (110) 
peak marked with a red circle. In the low po2 heat treated unmodified sample (e), the 
presence of the deleterious NiO scale is detected. 
 
 
Figure 4.5. Nanoindentation results for (a) the elastic modulus and (b) the hardness of the 
as deposited (bare) Ni inverse opals and their aluminized counterpart. The elastic modulus 
was normalized for the increase in volume fraction of material after Al deposition and still 
resulted in a higher intrinsic value compared to the bare Ni inverse opals. This 




Previous application of aluminization to metallic foams have focused on much coarser 
stochastic structures,[16] wherein it was impossible to assess the impact of the aluminization 
process on the foam structure. The thermal stability tests performed in this study 
demonstrate that low temperature pack aluminization of metallic foams is a viable route to 
stabilize the fine, deterministic structure in both mildly oxidizing and reducing conditions. 
This can be achieved without significant damage to the overall inverse opalescent structure 
but some loss in perfection is to be expected as a result of Al deposition and interdiffusion. 
Most of the imperfections in the structure are introduced during the initial aluminization 
step. Consequent heat treatments do not further degrade the structure. This improvement 
in thermal stability becomes more apparent on comparing the post heat treatment structure 
of an aluminized Ni inverse opal at 1000 oC (Figure 4.3(a)) versus a bare Ni inverse opal 
at 550 oC (Figure 4.3(b)). Such thermal stability is comparable to refractory inverse opal 
structures,8 and is unprecedented for common metals such as Ni.  
The formation of a secondary intermetallic phase during the aluminization process is 
key to this thermal stability and was confirmed to be the Ni3Al phase as shown in Figure 
4.4. In contrast to previous aluminization studies on bulk nickel base superalloy 
structures,[20,21] an additional high temperature homogenization step was not required to 
form the Ni3Al intermetallic phase. This can be attributed to the short diffusion length for 
Al into the ~50 nm radius struts. The diffusion profile across an individual strut could not 
be directly measured due to the complexity of the structure and using published diffusivity 
values of Al in Ni has been show to underestimate the kinetics of pack aluminization.[22,23] 
Instead a Ni foil, of the same purity, was subjected to the identical pack aluminization 




The average Al content in the first 50 nm of the Ni foil was found to be 9 wt% Al, identical 
(within the measurement error) to EDX measurements on the aluminized Ni inverse opals. 
This confirmed that the Al diffusion distance during the aluminization treatment was 
comparable or greater than the average radius of the struts, thus enabling formation of 
Ni3Al phase in a single step. Consequent heat treatments at higher temperatures 
concomitantly modify the distribution of Al over the strut cross-section and the ratio 
between the matrix solid solution phase (γ) and the intermetallic (γ’) phase.  This is evident 
by the drop in the Ni3Al (110) peak intensity in Figure 4.4.   
Nickel aluminides are also extensively acknowledged for their superior oxidation 
resistance and a comparison of GIXRD data from Figure 4.4 shows this improvement in 
the as aluminized samples compared to the heat treated bare Ni inverse opals (topmost 
diffraction profile). NiO peaks are detected in the heat treated bare sample even with a 
temperature of 550 oC under mildly oxidizing conditions. However, this NiO peak or an 
alternate oxide peak is not detected for the as aluminized sample even after multiple heat 
treatments at higher temperatures. This suggests that rapidly growing, deleterious oxides 
(e.g. NiO) on metallic inverse opals can be prevented and more protective slow growing 
oxides (e.g. Al2O3) may be promoted through the low temperature pack aluminization 
process. In addition to improved thermal stability and oxidation resistance, the Ni3Al phase 
also improves the intrinsic mechanical properties of the Ni inverse opals. This was shown 
through the use of nanoindentation on bare and as aluminized Ni inverse opals in Figure 
4.6 and is consistent with prior knowledge on such Ni-Ni3Al (γ-γ’) two phase 
microstructures. Both the elastic modulus and hardness of the inverse opals show a marked 




All characterization tests performed point towards the development of a more robust 
Ni-Ni3Al inverse opal structure through the low temperature high activity pack 
aluminization process. The new aluminized Ni inverse opals display a much higher 
oxidation resistance up to 700 oC and have been shown to maintain their structural integrity 
at temperatures up to 1000 oC. They also possess a higher elastic modulus and hardness 
compared to their bare counterpart facilitated by the second Ni3Al phase present. 
The electrochemical and pack cementation processes used in this study make the 
production of these structures highly scalable. Also, avoiding the use of any refractory and 
rare earth metals to improve high temperature properties of the bare Ni inverse opal leads 
to a relatively low production cost and broadens up the material selection. All these features 
combined make such structures and methodology good candidates for industrial 
applications that require a very tight control on the surface morphology (roughness, 
waviness) in extreme environments. 
4.4 Conclusions 
The use of low temperature pack aluminization has been demonstrated to enhance the 
thermo-mechanical properties of Ni inverse opal structures through the formation of a 
secondary strengthening Ni3Al-phase during the aluminization process.  The very fine, 
deterministic aluminized structures remained opalescent, exhibiting an unprecedented 
refractory-like thermal stability up to 1000 oC under reducing conditions and an enhanced 
oxidation resistance, elastic modulus, and hardness.  This combination of thermal stability, 
environmental robustness and mechanical properties is promising for reliable insertion of 




deep well drilling, automotive cylinders, gas turbines, pipelines, and solar energy 
harvesting applications. 
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FORMATION OF HIGH AREAL DENSITY FIELD EMITTERS USING 
INVERSE OPAL STRUCTURES BY ELECTROCHEMICAL ETCHING  
 
5.1 Background and Motivations 
In the previous chapters, we utilized the self-assembled 3D opal structure and 
electrodeposition to show that thermal and mechanical stable metals can be plated into the 
3D template to form a continuous porous metallic scaffold. It is therefore interesting to see 
whether we can use similar design strategies to impact other applications that need 
improvement in similar areas. 
Electron field emission, the process of extracting electrons from the surface of a solid 
when a static electric field is applied, has been a hot research topic for over two decades 
because of the widely spread needs in the miniature electronic devices such as file emission 
displays, spectroscopy.[1–4] Comparing to thermionic emission, field emission does not 
require high operating temperature for electrons to overcome the work function barrier. 
Instead, it is based on the electron-tunneling effect for electron near the Fermi level to 
tunnel through a reduced effective barrier under applied static electric field and therefore 
become more practically attractive. As illustrated in Figure 5.1, when no electric field is 
present, the potential barrier, measured as the work function from the Fermi level to 
vacuum, is flat, and therefore for the electron to escape from the surface, an external energy 
equal or larger than the work function ϕ must be needed. Its shape becomes triangular when 
a negative potential is applied to the cathode emitter, with the degree of bending strongly 




the effective barrier will now become reduced and will give electron a higher opportunity 
to passing through.  
 
Figure 5.1 Potential-energy diagram illustrating the effect of an external electric field on 
the energy barrier for electrons at a metal surface.[1]   
 
 
The emission current from a metal surface can be determined by the famous Fowler-
Nordheim (F-N) equation:                                                                                                   
 𝐼 = 𝑎𝑉2𝑒𝑥𝑝(−𝑏𝜙3 2⁄ /𝛽𝑉) (5.1) 
Where a and b are constants and I, V, ϕ, 𝛽 are emission current, applied voltage, work 
function and field enhancement factor, respectively. Therefore, it is obvious that for getting 
a high current density at a low applied voltage, the emitter needs to have either a low work 
function (i.e. material’s intrinsic property), or a large 𝛽 (i.e. high field concentration), or 
















which is a pure geometrical dependent parameter with h, ρ, and d to be emitter height, the 
radius of curvature (ROC) of the emitter tip and the gap distance between anode and 
cathode, respectively. Therefore, for getting a large 𝛽, the emitters need to have a high 
aspect ratio and with a closest possible gap separation. The first demonstration of vacuum 
microelectronics was a Spindt-type emitter fabricated by lithography.[4] Since then, carbon 
nanotube (CNT) based materials have attracted tremendous attention because of the ideal 
large aspect ratio as well as a intrinsically low ϕ (i.e. ~4.5eV). However, the problems for 
using CNT based devices are the low structural robustness, high randomness in height 
variation that frequently lead to the easy shorting, deforming under low applied loads and 
preventing the electrode gap to be less than ten microns, etc. In addition, although no extra 
heat is required, the material still needs to be thermally stable because of the joule heating 
under applied electric field. 
In this work, inspired by the thermally stable inverse opals shown in Chapter Three 
and Four, we propose a fabrication scheme to produce sharp Ni field emitters in a highly 
ordered array and control the ROC to be equal or less than 10nm, h/ρ greater than 100 and 
turn on electric field less than 8 V/μm. More importantly, with this approach, improvement 
in both the mechanical and thermal stability can be achieved compared to CNT so that the 





5.2 Experimental Methods 
5.2.1 Formation of Monolayer Colloidal Crystal 
 8 wt% colloidal dispersion (Life Science) is first diluted to 5 wt% using DI water and 
mixed with ethanol with roughly 1:1 volume ratio. The mixture is then well sonicated for 
at least 2 hours to avoid obvious clusters. To make the colloidal monolayer, the well-
dispersed colloidal solution is being injected drop by drop into a container of DI water use 
a pipette on an inclined glass slide (i.e. 45 degree) at a very slow rate. A precleaned 
substrate will be carefully reached underneath the liquid surface to lift the crystal 
monolayer. The substrate is placed on an inclined surface to allow the film to dry. 
5.2.2 Electrodeposition of Au and Ni 
Both Au and Ni are electroplated from the commercially available electrolyte. A two 
electrodes system is used for both conditions. For Ni growth, (Technic, Inc), a Ni counter 
electrode is used while sample substrate (ITO coated glass) is used as the working electrode. 
A -1.7 V is used under all the circumstances for Ni growth which will give a steady current 
at the level of ~5 mA. Cyanide-free Au plating solution (Transcene, Inc.) is used for Au 
plating. A Pt counter electrode is used and an overall constant plating of -0.1 mA/cm2 is 
used for achieving a smooth Au surface. The height of Ni and Au are controlled by 
calculating the accumulated charge during each plating segmentation and the plating 
sequence is alternated to get the alternating layers of Au and Ni.  
5.2.3 Pulse controlled Ni etching  
Ni etching is adapted from a recipe described in ref [5] where 7 ml of H3PO4 (Company 




improved ionic conductivity and 7ml glycerol (company name) for additional viscosity. 
The etching is carried out by applying a pulse voltage of 2V for 0.2s and 0 V for 10s to 
allow the ions enough diffusion time. 
5.3 Results and Discussion 
Here, we choose inverse opals instead of the previously mentioned hole arrays from 
holographic lithography as the template material. The main advantage of using sphere-
based structure is that the inverted material from the interstitial of the template will reflect 
the curvature of the sphere and will therefore gradually shrink to form a smallest “necking” 
region near the sphere touching plane. The overall process flow for sample preparation is 
introduced in Figure 5.2(a) to (d). To start, the mono-sized PS spheres are first well 
dispersed in a mixture of water and ethanol solution. The addition of colloidal to the water 
interface is accomplished by sliding the dispersion droplets along an inclinedly inserted 
glass slide at an angle roughly equal 45o. Driven by the surface tension difference between 
water and water/ethanol mixture, a monolayer of the PS colloidal crystal can be self-
assembled at the water/air interface stay afloat due to the lower density of PS than water.[6] 
Once the crystal reaches large enough size as more particles are injected, a pre-cleaned 
conductive substrate will be carefully inserted into the liquid and lift up the assembled 
crystal (Figure 5.2(a)).  Further particle injection after a full coverage can result in the 
bending of the crystal layer and unwanted sedimentation.  
As illustrated in Figure 5.2 (g), after bottom-up metal growth by electrodeposition, the 
as-deposited metallic inverse opal monolayer does not automatically provide any sharp tips 
on the surface but instead, it can only provide with flat triangular platforms. To obtain 




manner similar to the one described in another reference to reducing the Ni filling 
fraction.[5] To start, a combination of Ni and Au is first electroplated into PS template in 
sequence following the dissolution of PS template with THF (Figure 5.2 (b)-(c)). The 
amount of Ni is controlled to reach and slightly over the radius height of the spheres so that 
we can ensure the crystal “necking” plane is not missed. The purpose of adding Au is to 
create an anisotropic etching environment which can be beneficial in three folds: 1) the 
total amount of charge that needs to be consumed for Ni removal can be more easily 
calculated; 2) Au blocks the etching path from top and can therefore prevent the Ni to be 
shortened during etching and 3) it can serve as a continuous “taping” layer that can 
automatically bind to the Ni that is taller than the radius plane which will be useful to 
remove the unwanted parts at once. The idea is to have both Au and the upper part Ni to 
be self-repelled after the necking area is etched through. A comparison of the Ni structure 
before and after sharpening is shown in Figure 5.2 (e) - (h) for both top and side views. 
For the ideal situation, we expect the final material to have sharp tips with ρ less than 10nm 






Figure 5.2 Schematics of sample fabrication. (a) the formation of PS monolayer on Au 
coated conductive Si; (b) Ni and Au electroplating into the PS monolayer crystal; (c) 
dissolution of PS sphere using toluene; (d) formation of Ni tip arrays using electropolishing; 
(e)-(h) top and side views of the Ni structure with and without polishing where h is the tip 
height and ρ is the radius curvature of the sharpened tips.  
 
As described earlier, with colloidal crystal self-assembly method, we can easily use 
different sized particles from several hundred nanometers to several microns. Figure 5.3(a) 
shows the optical image of a PS monolayer on Si substrate made with 600nm diameter 
spheres. The greenish color comes from the light scattering from the highly ordered crystal. 
We have also made monolayers using PS spheres with the 1000nm and 2000nm diameter 
to provide different tip height. One promising advantage of using this method to grow 
monolayer is that it can potentially be defect free over a very large area, as shown in Figure 
5.3(b), even large enough to cover the entire wafer area.[7] Using monolayer instead of the 
more commonly seen multilayer structure can also bring in the advantage of instant 
inspection of the sample height during sample deposition to assure a well-controlled 
sample metal depth for each layer (Figure 5.3(c)-(d)), to prevent both insufficient or too 





Figure 5.3 (a) Optical image of the 600nm PS monolayer. Greenish color originated from 
the light scattering of the highly ordered colloidal crystal structure. SEM images of the 
defect-free colloidal crystal monolayer (b). (c)-(d) the top view of the Ni-plated through 
40% of the template height and ~90% of the template height, respectively. Both of which 
can be examined via top view SEM.   
 
The cross-section image of the PS removed metallic structure is shown in Figure 5.4(a). 
It reveals the very uniform sample height across the entire wafer area (i.e. ~1μm in sample 
height), which is extremely promising for potentially narrowing anode-cathode separation 
down to below 5μm or even submicron, and is an obvious improvement comparing to other 
metallic nanowire or CNT based devices which have stochastic fiber arrangement.[1,2,8] 
Moreover, the interface between Au and Ni is clear and straight, which ensures the 
uniformity in etching in later steps. Ni etching uses a phosphoric acid based slow Ni etchant 
in which a spontaneous reaction will happen but at a very slow rate. Au will, however, be 
inert in this solution. To speed up the etching process and generate a more controllable 




each pulse, A fixed amount of Ni will be oxidized into Ni2+ by removing electrons from 
the Ni0 state. By doing this, the etching process can be closely monitored while also making 
it possible to stop the reaction promptly at where the Ni tips are sharpest. The resting time 
between pulses is set to be 20s, with the purpose of having the ions in the solution fully 
diffused before the starting of next cycle. Figure 5.4(b) is the 45o titled SEM images for 
the Au/Ni bi-layer structure taken at when the sharpening process is halfway done. 
Comparing to Figure 5.4(a), the Ni filling fraction in Figure 5.4(b) is clearly reduced, 
while Au stays unchanged and still bounded firmly to Ni. After adding more pulses, the 
structure shown in Figure 5.4(c) is now fully sharpened Ni tips covering a large area. As 
expected, the initial narrowest region along the sphere contacting plane has now become 
the region with weakest mechanical stability and therefore can be easily broken. At the 
same time, all the Ni residues above the radius plane are attached to the continuous Au film 
and will be removed during sample rinsing step. The final structure is then a highly ordered 
Ni sharp tip array with tip height h around 1μm and ρ around a few nm (Figure 5.1.4(d)). 
With all these design parameters in consideration, we have now obtained the dimension 






Figure 5.4 SEM of (a) uniform cross-section after PS removal and before Ni polishing. 
Inset is the close look of a bilayer Au/Ni scaffold; (b) 45o tiled view of Au/Ni structure 
with partially reduced Ni filling fraction after electropolishing; (c) 45o tiled view of 
sharpened Ni tips after self-repelling of top Au layer.  
 
Figure 5.5(a) indicates the schematics for device assembly and testing. Once the 
metallic emitter is fabricated, it is placed on a copper foil to form the cathode. Silicon wafer 
with Au coating will be used for the anode. A spacer with thickness of 25μm has been used 
for separating the cathode and the anode. The data shown in Figure 5.5(b) include the 
preliminary testing results from three samples: optimized emitters for 600nm and 1000nm 
sphere size and a non-optimized inverse opal emitter of 1000nm sphere size. The un-
optimized 1000nm inverse opal show ~11 V/μm turn on threshold while the optimized 
1000nm and 600nm sample demonstrated threshold field of ~7.5 V/μm and 10V/μm 
respectively. Although samples made with 600nm sphere can roughly provide ~4 times 




height/tip radius aspect ratio likely played a role in increasing the turn on threshold voltage. 
Figure 5.5(c) further demonstrated that the emitter current can be modulated by 
sequentially applying voltage to the gate.  
 
Figure 5.5 (a) Schematics for field emission device assembly; (b) the I-V plots for emitters 
with different geometries; (c) gate voltage and anode current modulation plots.  
 
5.4 Conclusions 
In this work, we demonstrated the first inverse opal based metallic field emitter arrays 
with tip radius less than 10nm and height/tip aspect ratio 100 or larger. The prepared 
samples show excellent uniformity in height and area coverage and therefore can allow the 
minimization of anode/cathode separation to potentially below one micron. The metal-
based emitter surface also provides a more robust mechanical and thermal stability 
comparing to CNT array. The versatility in choosing colloidal particles with different 




using Ni as the emitter material, it is not known for the low ϕ (i.e. 5-5.32eV). However, 
this approach might be easily extended to structure other metals as Cu, Ag, Al,[9,10]  oxides, 
nitrides, and carbides[8,11,12] with much-lowered ϕ to further improve device performance.  
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FORMATION OF METALLIC PAGODA ARRAYS WITH 
ELECTROCHEMICAL ETCHING 
 
6.1 Background and Motivations 
The recent advances in the synthesis and fabrication have allowed the creation of 
complex nanoscale structures that can be either or not discovered in nature.[1–4] More 
significant than simply being exotic, these newly developed complex materials have 
broadly proposed applications in the context of electronics, catalysis, optics, energy storage 
and synthesis, etc.[5–10] Although nanorods appear to be of one the simplest geometries, 
they have been attracting tremendous interests because of the ease of fabrication and the 
broad selection of material base. Over the past few years, many researchers have been 
looking into the potentials of making nanorod “complex”, in a way of making hybridized 
nanorod, nanobar with either a mix of dielectrics, metals or both. Because of the fascinating 
properties coming from the versatile material combinations, nanorod based structures have 
been suggested to be used as nano-barcode,[11,12] nano antenna,[13,14] nanomotor,[15] 
battery,[9] photochemical catalysts,[16] or even photovoltaics.[17] More recently, the 
invention of co-axial lithography by Ozel and co-workers have proposed a way to coaxially 
control the dimension of nanorod selectively, something impossible to achieve using 
conventional lithography.[2] This new discovery will certainly inspire the design and 
synthesis of more exciting nanostructures very soon. Although all the above-mentioned 
achievements in nanorods are great, challenges remain to have the nanorods being utilized 
in nanophotonics. The primary reason is simply not because the periodic arrangement lacks 




pillars, especially when the aspect ratio is large, as collective responses would frequently 
require all the components to be closely identical. 
In this section, we report the formation of highly ordered, uniform and smooth bi-
metallic nanopillar arrays using holographic lithography defined polymer templates. We 
show that by careful control on the fabrication process, we can form smooth Au/Ni 
nanopillar arrays into high aspect ratio over ten times while the variation of pillar height is 
only on the order of several nanometers. We further used controlled electrochemical 
etching, a process like the one described in the Chapter Five, to generate metal pillars with 
modulated diameters. As a demonstration, we showed that such material could be very 
interesting for making highly reflective optics (photonic crystal) and holding the potential 
to be made into highly sensitive surface-enhanced Raman scattering (SERS) substrate. 
6.2 Experimental Methods 
6.2.1 Template Fabrication  
Photoresist was prepared by mixing 0.5wt% photo-initiator, 
cyclopentadienyl(fluorene)iron(II) hexafluorophosphate (Aldrich), dissolved in 
cyclopentanone, to SU-8 solution (MicroChem, SU-8 2000 series). ITO substrates were 
cleaned in acetone and isopropanol, followed by O2 RIE at 100W for 5 min. Immediately 
after RIE, the SU-8 film was spin-coated (2000rpm, 30s) on the substrates. A three-beam 
interference lithography setup is used to create the hole template. The sample was exposed 
to three visible laser beams split from one coherent laser source (laser output of 5.0W, 
frequency-doubled Nd: YVO4 laser, 532 nm), arranged 120o with respect to each other for 
0.8s. By focusing the three identical beams onto to the sample plane, the pre-spin cast SU-




morphology of the hole template, hole diameter, the hexagonal lattice constant can be 
controlled together or independently by the polarization, exposure time, incident angles of 
each individual beam with respect to the normal incidence of the sample surface, 
respectively.  The angle between the normal incidence and side beams were 45° in air, 
corresponding to 26° inside the unexposed photoresist. All the side beams were linearly 
polarized in their incident planes. After exposure, the sample was baked at 80 °C for 20 
min in dry air and developed in PGMEA overnight, followed by sitting in isopropanol for 
15 min. The sample was blow dried with N2 and then hard baked at 95 °C for 15 min. 
6.2.2 Electrodeposition of Au and Ni 
Both Au and Ni are electroplated from the commercially available electrolyte. A two 
electrodes system is used for both conditions. For Ni growth, (Technic, Inc), a Ni counter 
electrode is used while sample substrate (ITO coated glass) is used as the working electrode. 
A -1.7 V is used under all the circumstances for Ni growth which will give a steady current 
at the level of ~5 mA. Transcene Inc., cyanide-free Au plating solution is used for Au 
plating. A Pt counter electrode is used and an overall constant plating of -0.1 mA/cm2 is 
used for achieving a smooth Au surface. The height of Ni and Au are controlled by 
calculating the accumulated charge during each plating segmentation and the plating 
sequence is alternated to get the alternating layers of Au and Ni.  
6.2.3 SU-8 Removal and Ni Etching 
SU-8 is removed using O2 and CF4 mixed plasma, with 20 sccm and 2 sccm flow rate, 
respectively. The power is set to be 100 W and pressure to be 200 mtorr. By controlling 




pillars in place. After the polymer etching process, the sample will be immersed in 
ammonium hydroxide for 30min to remove the surface oxide layer. Ni etching is adapted 
from a recipe described in ref [18] where 7 ml of H3PO4 (Sigma Aldrich) is diluted in 60 ml 
Millipore water with additional 5g K3PO4 (Alfa Aesar) for improved ionic conductivity and 
7ml glycerol (Sigma Aldrich) for additional viscosity. The etching is carried out by 
applying a pulse voltage of 2V for 0.2s and 0 V for 10s to allow the ions enough diffusion 
time.  
6.3 Results and Discussion  
As has been shown in many previous work, it will be easy to electroplate materials in 
periodic structures formed using SU-8, a commonly negative photoresist (PR).[3,19] As long 
as there is a non-blocking path for the electrolyte to access the conductive substrate, certain 
ions in the solution can gain electrons and get reduced on the working electrode and form 
structures under the applied potential. In terms of making hole templates, the main 
advantages of using the interference lithography over anodized aluminum oxide (AAO) 
template are 1) the ability to create near defect-free template over a large area (i.e. 
determined by the light beam size), on a time scale less than a second and 2) the geometry 
of the defined pattern can be easily adjusted by controlling each parameter. Briefly, by 
splitting the monochromatic (i.e. YAG 532nm) laser into three identical beams (i.e. equal 
in intensity, polarization and power) and focusing at the same focal plane, an ordered 
interference pattern arranged in the hexagonal lattice can be recorded in the photoresist 
(PR) after exposure. Using a negative PR and a linear polarized coherent light, a periodic 
hole template can be created.[20] By controlling the polarization and intensity of each side 




polarization difference between all the three beams. The size of the hole diameter can also 
be controlled by the amount of exposure dosage which can be achieved by either adjusting 
the exposure time or power. 
Our strategy of making periodic nanorod arrays is based on i) forming a near perfect 
template with the predefined hole arrangement and dimensions, ii) electroplating materials 
in the sequence as designed, iii) removing the template using reactive ion etching (RIE) 
and iv) selective reducing the diameter of Ni by applying controlled electrical pulses. 







Figure 6.1 Schematics for the sample preparation steps (a) the formation of the blank 
template; (b) sequentially deposit material with different etchability; (c) remove the 
polymer template by RIE to have the pillar arrays exposed to the surrounding chemical and 
(d) diameter modulation using pulse controlled electrochemical etching.  
 
To achieve the expected structures as depicted by the schematic drawings, it is 
important to make sure the processes can be well controlled from smooth material plating 
to uniformly have the pillars stay in place after all the processing steps. Additionally, since 
the structures we interested in containing multiple interfaces, it is critical to making sure 
all the interfaces are smooth and contains minimal variations from pillar to pillar. Shown 
in Figure 6.2(a) is the SEM image from our initial trials. A sharp interface can be easily 
observed between the first plated Ni layer (bottom) and then plated Au layer (top). 
However, at a deposition current of ~ -0.30 mA as shown in Figure 6.2(b), the top surface 
of the structure shown in (a) was not smooth at all. The current fluctuation, however, was 




deposition, which could be caused by an insufficient chemical diffusion to the plating 
surfaces and therefore the formation of a rough structure. After reducing the plating rate 
by roughly 30 times, the current becomes more stabilized throughout the entire time frame 
and as a result, the top surface of all the Au terminating layers, as well as all the Ni/Au 
interfaces, shown in Figure 6.2(c), become smooth. 
 
Figure 6.2 SEM images for (a) smooth interface with rough top Au surface; (b) time-
dependent current curve for the formation of the rough surface; (c) cross-section of a four-
layer pillar structure with smooth top layer Au and (d) the I-t curve for generating the 
smooth surface. 
 
Due to the weak adhesion between metallic Ni and ITO, the pillars will easily detach 
from the substrate and easily get scattered, shown in Figure 6.3(a). Therefore, to 
immobilize all the pillars, either a better adhesion between Ni and the substrate is needed, 




remove the polymer template, we strategically reduced the etching time and preserve 
partial of it to secure the pillars in place. Shown in Figure 6.3(b) is the structure with 
reduced polymer etching time, because of the partially preserved polymer template, the 
entire pillar array can now be firmly locked in place and the original lattice arrangement 
can be very well preserved.  
 
Figure 6.3 SEM images of the cross sections of (a) fully etched polymer template and (b) 
partially preserved polymer template. 
 
Because of all the optimization of the processing conditions, we can now produce well-
controlled pillar arrays with smooth surfaces and spacings at will. Shown in Figure 6.4(a) 
is a 5-layered Au/Ni composite nanorod arrays with well-controlled Ni and Au thickness 
to be ~500nm each and arranged in a hexagonal lattice with a periodicity of 780nm. To get 
an accurate assessment of the structural uniformity and surface roughness, we did AFM 
scans on the sample for both across 15μm × 15μm area (20 pillars) and 3μm × 3μm area (4 
pillars). Based on the results shown in Figure 6.4(b) and (c), the variation of the pillar 
height over 15 micron is only around 10nm whereas the surface roughness on each pillar 




of uniformity is satisfying, especially for applications aiming for the near IR spectral 
regime.     
 
Figure 6.4 (a) SEM image for the cross-section of nanorod arrays in a partially preserved 
polymer template; (b) AFM image of the sample over 15 by 15 micron area and (c) AFM 
image of the sample over 3 by 3 micron area. 
 
By applying the similar Ni etching methods as mentioned in the previous section, we 
have been able to selectively modulate the diameter of Ni while keeping the radius of Au 




charge accumulation curve is shown in Figure 6.5(a) and (b), respectively. By doing this 
and monitoring the changes in current and the charge level, it will be possible to control 
the total amount of Ni being dissolved and therefore create a dimension contrast to the non-
soluble part. Comparing to spontaneous dissolution using chemical etching process, the 
electrical pulse-controlled dissolution provides advantages in controllability, uniformity, 
and speed, as with the assistance of electrical pulses, the dissolution rate can be 
significantly increased. Figure 6.5(c)-(d) show one of the representative samples after 
controlled etching. A clear diameter difference has been observed between Ni and Au 
segments and very consistent over a large area. EDX analysis, Figure 6.5(e), further 
confirms the distribution of Ni and Au meets expectation, where Ni is labeled in green and 
Au, is labeled in purple.  
 
Figure 6.5 Time-dependent (a) current pulses and (b) the charge accumulation after pulsed 
etching. (c)-(d) are the SEM images of the etched pillar; (e) is the elemental mapping of 




The highly periodic arrangement of the metallic pillar arrays brings in the possibility 
for the design of pronounced diffractive optical material with strong radiative coupling, 
which is based on a two-dimensional arrangement but also presents a dimension 
modulation in the axial direction. To examine the potential use as 3D nanorod based 
metallodielectric photonic crystals (NMPhC),[21] we first performed a simple simulation 
using the structure configuration indicated in Figure 6.6(a), which is a 7-layer structure 
with the periodicity of a = 780nm, layer thickness l = 500nm and initial diameter d = 500nm. 
The increase of band strength directly correlates to the enlarging of diameter difference 
between Ni and Au as it is clearly shown in Figure 6.6(b) that both reflectance intensity 
(i.e.~90%) and bandwidth (i.e. ~52%) dramatically increased when the diameter contrast 
reaches 200nm. At the extreme situation, where the Ni diameter reaches 0, the four-layer 
Au structure will be able to provide a 100% selective reflection band and a 70% band 
strength (i.e. defined as gap/midgap ratio), far exceeding any of the band strength that can 
be achieved using any of the known dielectric material or configuration. The mechanism 
for band strength enhancement as well as a potential approach for obtaining the Ni-free Au 
stack arrays will be discussed in next section. Based on these simulation results, it is thus 





Figure 6.6 Simulations of the reflection spectrum for changing Ni diameter with (a) the 
layout of the simulation configuration and (b) the simulated spectrum under different Ni 
diameters. 
 
In addition to the potential use as high ultra-broadband PhCs, we investigated other 
possibilities of using this material design scheme for making other pronounced optical 
elements. Some literature has suggested using multilayered structures for highly sensitive 
SERS substrates.[22,23] In such structures, nanogaps act as the hotspots where the localized 
surface plasmon resonance (LSPR) will enhance the electric field intensity by extra 
oscillation and therefore the detection limit can be increased.  In their work, periodic arrays 
of nanopillars are formed by phase shift interference lithography and with the help of a 
standing wave, each nanopillar is made to be a disk-stacking structure consisting of a series 
of nanogaps. Although convenient, this method requires extra steps of metal deposition 
and therefore it may not be ideal to produce real tall pillars as the uniformity will be 
affected by both the sputtering process and longer developing time (i.e. positive resist was 




control the number of layers, layer thickness, gap sizes and gap lengths. Here, we made 
two pillar structures in the configurations as shown in Figure 6.7 (a) and (b) for SERS 
measurement and used 10-6 M Rhodamine 6G water solution as the targeting analyte. 
Before measurements, all the samples are immersed in the solution for four hours and dried 
with nitrogen before measurement. The collected spectra using 785nm laser are shown in 
Figure 6.7(c). Comparing to the measurement on unstructured metal surfaces (black curve), 
where no clear R6G characteristic peaks can be detected, both samples (red curve and blue 
curve) shown clear sensitivity enhancement as the spectrum resembles perfectly the R6G 






Figure 6.7 (a)-(b) Samples fabricated for SERS measurement (S1 and S2 respectively) and 
(c) the measured SERS spectra from the two samples shown in (a) and (b) as well as the 
controlled signal measured from a non-structured flat Au surface. 
 
To obtain a better understanding on how different pillar dimensions will affect the 
structure sensitivity, and therefore find out the direction for future improvement, we 
studied the electric field distributions in the pillar arrays with several tunable parameters. 




then focus on the vicinity of the center pillar. The results are summarized in Figure 6.8 
with all the E-field intensity normalized to the strongest value within all the situations. 
When Au and Ni have no difference in diameter (i.e. 500nm), as for the case of Figure 
6.8(a), the electric field shows no clear hot spot along the entire pillar and the weakest 
enhancement. When the Ni radius is reduced to half of the Au radius, as shown in Figure 
6.8(b), hot spots can now be found along all the Au disk corners and extending into the gap 
region. Stronger enhancement can be further achieved by both reducing the Au disk 
thickness under the same Ni diameter (Figure 6.8(c)) and reducing the gap size (i.e. Ni 
strut length, Figure 6.8(d)). The enhancement of electric field can be easily understood as 
the thinner the Au disks, the stronger LSPR will be, and by reducing the amount of Ni, the 
overall “lossy” material volume will be reduced.  
 
Figure 6.8. Electric field simulations on the nanorod structures with (a) same diameter of 
Au (300nm in thickness) and Ni (200nm in thickness); (b) rNi/rAu equals 50%; (c) reduced 
Au disk thickness to half of the default thickness (i.e.150nm) and (d) reduced Au/Au gap 
length to 50% of original gap size. All of the electric field enhancement has been 
normalized to the strongest value calculated among all the four situations. 
 
Moreover, in a comparable way described in the last paragraph, we also investigated 




Au, and Cu. Unlike Ni, both Au and Cu are known to have interesting plasmonic properties 
because of the long relaxation time of conduction electrons.[24] As can be seen from the 
results summarized in Figure 6.9, the total enhancement is weakest in the Au/Ni structure, 
while the strongest in the Au/Au system. This can be easily understood in the way that a 
large percentage of the light will be damped inside the lossy Ni but not being sustained as 
strong localized electric field oscillation. In a comparison made by adding all the total E-
field enhancement magnitude, the Au/Ni has a total summation of 7,358, the Au/Au system 
has a total summation of 22,502, following by the Au/Cu system whose total summation 
is 21,753. Since the SERS sensitivity is propositional to the fourth power of field 
enhancement |𝐸𝑙𝑜𝑐|
4/|𝐸0|
4 ,[22] a quick normalization leads to further sensitivity 
enhancement in the order of Au/Au > Au/Cu > Au/Ni in the magnitude of 87, 76 and 1, 
respectively.  Although it will be difficult to make Au pillars into such geometry because 
of the single material system and therefore no control on the etching selectivity, Au/Cu 
system will be a possible direction to explore in the future.  
 
Figure 6.9. Comparison of the electric field enhancement by changing the “strut” materials 
from Ni to Au to Cu. A clear improvement in the total electric field enhancement can be 
seen in the Au/Au and Au/Cu case. All the electric field are normalized to the most intense 






In conclusion, we have demonstrated that by utilizing both electrodeposition and pulsed 
electrochemical etching, multi-segmented metallic nanopillars, aka metallic nano-pagodas, 
with alternating materials and diameters can be easily design and fabricated. With some 
extra care on securing the pillars on the substrate and controlling the deposition rate, large 
area (i.e. over 3mm in diameter) uniform pillar arrays with pillar density over 1.5 × 1011 
cm-2 have been achieved by using a polymer template defined by holographic lithography 
with a hexagonal periodicity of 780nm. To our knowledge, this is the first time a highly 
ordered and smooth multilayered nanopillar arrays with a large aspect ratio (~10), multiple 
compositions (Au and Ni) and axial dimension modulation has ever been demonstrated. 
Because of these superior properties, our approach can be used for the design of metallic 
nanophotonics with strong selective reflection and absorption in the visible or NIR regime. 
With the ease of creating Au gaps, we have investigated the possibility of using such 
structures for high sensitivity SERS applications and obtained strong Raman signals at a 
molecule concentration level that is otherwise unable to be detected. Based on simulations, 
we confirmed that the localized electric field enhancement could come from both the abrupt 
Au disks and the nanogaps formed between the Au pairs and further sensitivity 
improvement can be achieved by both changing the strut materials and the “pagoda” 
spacings.  
Suggestions for Future Research 
Future research could be done to improve the SERS sensitivity or design better 
reflective optics by optimizing the Au thickness, the gap materials, spacings as well as the 




metal disks would affect the electric field and magnetic field within the gap. Additional to 
the vertically aligned nanopillar arrays, it might be also interesting to make the diameter 
modulated nanopillars align horizontally. In this way, the formed nanogaps will be 
perpendicular to the incident wave which may further enhance the electric field oscillation 
between inside gaps. Rather than simply using pure metals, the “strut” material can also be 
tried with semiconductors, polymers or other materials.  
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SELF-ALIGNED 3D AU RESONATORS STACK BY TEMPLATE ASSISTED 
SELECTIVE ETCHING 
 
7.1 Background and Motivations  
Since last decade, great efforts have been dedicated to the development of 3D “bulk” 
optical materials which will ideally provide a better optical performance than their 2D 
counterpart.[1–6] Certainly, the formation of common 3D templates can now be easily 
achieved using multiple approaches including self-assembly, or interference lithography, 
etc.[7–9] With top-down or bottom-up material infilling, material conversion with 
continuous material phase throughout the entire structure has been achieved and show 
interesting optical properties.[4,10–12]  Moreover, it has also been shown recently from both 
theoretical studies and experimental demonstrations that 3D optical materials formed with 
multiple repeating units of metal/dielectric vertical stacks can potentially be very 
interesting in terms of the negative refraction,[12,13] near-zero permittivity,[14] strong 
reflection, transmission or absorption.[15–18] To form such materials in 3D configurations, 
two approaches have been mostly utilized: 1) vertical deposition of alternating layers, 
forming the patterns either before or after the deposition process with a delicate lift-off 
step,[12,13] or 2) layer-by-layer technique to assemble all the layers.[19] Unfortunately, both 
methods have clear limitations in practical use. As for the lift-off process, it will be difficult 
to maintain the dimensionalities once the total thickness of the deposited is high and 
therefore the final structure will frequently be tapered. It is also difficult to make high 
aspect ratio elements with this method because of the combined difficulties from vapor 




will be easy to print multilayer bulky structures in devices with large feature sizes, it will 
be extremely difficult to align multi-layer features down to a few hundred nanometers and 
ensure perfect lattice registration between them. The ever-smaller feature sizes, layer 
flatness, and the requirement for narrow layer separation make the layer by layer method 
limited for getting a complex structure for over 7 layers, over which one can treat the 
structure to be “bulk”.[3] Therefore, to get a flawless multilayer structure, it will thus be 
ideal to have a fabrication scheme that can produce all the layered material in one step.  
Shown in Figure 7.1 is the pillar structure we made for the design of nanorod “pagoda” 
described in Chapter Six, with a thin layer of SU-8 template purposely left to be not fully 
etched so that all the pillars can be locked in place. Since the metal portions embedded in 
the polymer template was not directly accessing the etchant, it is therefore surprising to see 
some part of the Ni was clearly etched. It has been reported in the literature that by 
immersing SU-8 in different solution (i.e. water, IPA, PGMEA), the template may deform 
due to either swelling or dehydration.[20] In fact, SU-8, as well as other epoxy-based 
material, can easily absorb water or solvents to swell, with the absorbing compounds take 
up space in the SU-8 matrix.[21] Because of this, it becomes no surprise to have the acidic 
solution diffuse into the matrix and serving as the etchant to locally dissolve the Ni. On the 
other hand, deformation in polymer template may also open up channels along the edge of 











Therefore, motivated by this finding, we will show that Au and Ni can be easily grown 
in the SU-8 hole template formed using holographically with a bottom-up electrodeposition 
method. Without the need to remove the polymer template, we show that the acid-soluble 
Ni can be totally removed and replaced by air, while the insoluble electroplated Au will 
perfectly stay in the as-deposited original locations, supported by the surrounding polymer 
template. With extra benefits from the highly ordered pre-patterned template, all the 
deposited Au disks will be naturally granted to be registered in the lattice.  Since the method 
is based on the bottom-up material growth, our design strategy omits all the complexities 
from multilayer assembly. We will demonstrate that using this method, materials with near 
perfect reflection, transmission or even absorption can be easily designed. The 
demonstrations suggest that our materials will be promising in the design of a few novel 





7.2 Experimental Methods 
7.2.1 Template Fabrication  
Photoresist was prepared by mixing 0.5wt% photo-initiator, 
cyclopentadienyl(fluorene)iron(II) hexafluorophosphate (Aldrich), dissolved in 
cyclopentanone, to SU-8 solution (MicroChem, SU-8 2000 series). ITO substrates were 
cleaned in acetone and isopropanol, followed by O2 RIE at 100W for 5 min. Immediately 
after RIE, the SU-8 film was spin-coated (2000rpm, 30s) on the substrates. A three-beam 
interference lithography setup is used to create the hole template. The sample was exposed 
to three visible laser beams split from one coherent laser source (laser output of 5.0W, 
frequency-doubled Nd: YVO4 laser, 532 nm), arranged 120o with respect to each other for 
0.8s. By focusing the three identical beams onto to the sample plane, the pre-spin cast SU-
8 thin film with 532nm sensitivity will be able to record the interference pattern. The 
morphology of the hole template, hole diameter, the hexagonal lattice constant can be 
controlled together or independently by the polarization, exposure time, incident angles of 
each individual beam with respect to the normal incidence of the sample surface, 
respectively.  The angle between the normal incidence and side beams were 45° in air, 
corresponding to 26° inside the unexposed photoresist. All the side beams were linearly 
polarized in their incident planes. After exposure, the sample was baked at 80 °C for 20 
min in dry air and developed in PGMEA overnight, followed by sitting in isopropanol for 
15 min. The sample was blow dried with N2 and then hard baked at 95 °C for 15 min. 
7.2.2 Electrodeposition of Au and Ni  
Both Au and Ni are electroplated from the commercially available electrolyte. A two 




electrode is used while sample substrate (ITO coated glass) is used as the working electrode. 
A -1.7 V is used under all the circumstances for Ni growth which will give a steady current 
at the level of ~5 mA. Transcene cyanide free Au plating solution is used for Au plating. 
A Pt counter electrode is used and an overall constant plating of -0.1 mA/cm2 is used for 
achieving a smooth Au surface. The height of Ni and Au are controlled by calculating the 
accumulated charge during each plating segmentation and the plating sequence is 
alternated to get the alternating layers of Au and Ni.  
7.2.3 Dissolution of Ni  
Ni etchant is made of 7 ml of H3PO4 (Sigma Aldrich) is diluted in 60 ml Millipore water 
with additional 5g K3PO4 (Alfa Aesar) for improved ionic conductivity.  
7.3 Results and Discussion 
Au is a well-recognized plasmonic material, especially in the NIR wavelength range,[22] 
with the advantage over Ag, Al, and Cu in terms of the chemical stability in both ambient 
atmospheres and in various common seen acids. Instead, although Ni is lossy in visible and 
NIR and less interesting in the optical properties, it can be very easily grown by 
electroplating and is also easy to be removed in acid, [23] allow it to be used as the “spacer” 
in this work. Figure 7.2(a) shows the process flow for the sample preparation where only 
three major steps 1) template formation, 2) electrodeposition and 3) Ni etching is required. 
As a starting point, the SU-8 based hole template is made by three-beam holographic 
lithography on ITO substrate (see Experimental Section for details).[24] As suggested by 
𝛬 =  𝜆/1.5𝜋𝑠𝑖𝑛𝜃, the lattice parameter 𝛬 of the hole template is governed by 𝜆 and 𝜃, 




setting the incident angle to be ~ 45o in air, and thethe refore ~ 26o in SU-8 by Snell’s Law, 
we can make template with lattice constant equals ~780nm.  
To test the idea, we made a four-layer structure by alternatively plating Ni and Au. Start 
from the substrate, the detailed configuration is ITO/ 200nm Ni/ 1000nm Au / 500nm Ni / 
1000nm Au. Ni is deposited first on ITO to promote the nucleation of Au inside the porous 
template. Both materials are deposited from commercially available electrolytes at a slow 
enough deposition rate to ensure a uniform growing surface with very high Faradaic 
efficiency. This is important to have the deposited material to be smooth, as have shown in 
the previous section, which is extremely important for getting a good optical response. 
After the metal deposition is complete, the substrate is placed in a phosphoric acid and 
potassium phosphate containing Ni etching solution to fully dissolve the Ni. Figure 7.2(b) 
shows the top view SEM image of the SU-8 template after the metal nanorods are 
electroplated. The sample shows extremely well uniformity over the entire imaging area, 
with identical pore diameter and clear material infilling among all the channels. Figure 
7.2(c)-(e) are the cross-sections of the sample before material infilling, after the 
electrodeposition and after the dissolution of Ni, respectively, where Figure 7.2(d) and 
Figure 7.2(e) were imaged from the same sample cleavaged after each step. As one can 
see from these images, despite the fact that all the pores are isolated to each other, the 
sample showed near perfect uniformity in pillar height, excellent surface smoothness 
across all the interfaces, and clear interfaces between different materials. The superior 
uniformity in the deposited material, in turn, suggests that the whole template is highly 
ordered with little variation in pore sizes and channel smoothness, as a little fluctuation in 




sample out from the solvent and deswelling, the regions where Ni was located in Figure 
7.2(d) has now been entirely replaced by air in Figure 7.2(e), while the two Au rods in 
each pore are left unchanged in the template at the original location with the support from 
the surrounding SU-8. Again, as can be seen from the pair of SEM images, the structure 
maintained its structural integrity extremely well after all the processing steps. We suspect 
this total Ni removal is caused by either the capillary force induced permeation of solvent 
into the polymer template or, as mentioned before, the SU-8 template itself acts like a 
proton (H+) transferable membrane due to the absorption of solvent.[20,21] Because of the 
constraints from the original template, the two Au rods are therefore forced to be perfectly 
lattice registered in the vertical direction forming highly ordered resonator arrays both in 
the vertical direction and in the lateral, separated by the distance of the originally deposited 





Figure 7.2 (a) Schematics for the preparation of template supported Au/air gap vertical 
arrays; (b) top view of the polymer template with electroplated nanorods; (c) the cross-
section image of a nanopore template before material infilling; (d) the nanopore template 
after the electrodeposition of a four-segment Ni/Au/Ni/Au structure and (e) the cross-
section after the Ni dissolution. 
 
To prove our technique can be more versatile in design all types of disk-based 
nanostructures with no restrictions to long metal rods, we demonstrate a few more 
polymers supported Au/air resonator pairs. Shown in Figure 7.3(b)-(d) is the carefully 
designed 1-layer Au resonator with 300nm Au disk thickness, 2-layer Au resonators with 
300nm thickness for each layer and 1μm tall air gap, 3-layer closely spaced 200nm Au with 




7.3(e)-(g), respectively. In Figure 7.3(h), we show that by controlling the number of total 
charges during the deposition of both Ni and Au, it is also easy to create anisotropic 
structures that have both the changing air gap and the changing resonator thickness, with 
the thinnest Au disk to be roughly 100nm. All of these are again vertically registered in 
lattices and can be continuously deposited with more layers as long as the polymer template 
has enough height. To our best knowledge, this is the first-time optical resonators with 
perfect coupling can be realized by electrodeposition in such a highly ordered manner with 
the ease to control the number of layers and therefore the number of resonators “atoms”. 
Because of this flexibility, our method holds the promise to the design of photonic materials 
with very different frequency dependent responses from both near field and far field 
coupling, with the need to only adjust the vertical dimensions. It is also clear that, by using 
our methods, we can easily prepare multilayer plasmonic resonator arrays in a manner of 
perfect lattice registration and alignment, that can allow the interlayer coupling of 






Figure 7.3 Cross-section SEMs of (a) blank template and (b) – (h) samples with 
electroplated Au resonators for a different number of layers and dimensions.  
 
The optical properties of the Au resonator arrays with changing number of layers are 
evaluated by both numerical FDTD simulation and measured by FTIR. The results are 
displayed in Figure 7.4 to Figure 7.6 for the system with single Au layer, bi-layer system 
with equal thickness and tri-layer system with both equaled gap size and equaled Au size, 




resonator layer (Figure 7.4(a)), the reflectance spectrum shows high reflection band along 
with oscillations over the entire near-infrared spectrum regime (Figure 7.4(b)), indicating 
a Fabry-Perot type of resonance between the Au disk arrays and the ITO coated glass 
substrate. To understand the origin of the high reflection region, we simulated the electric 
field distribution in Figure 7.4(c) at the wavelength of 2.5μm with a region covering one 
Au disk. The strong laterally extended E-field intensity suggests that the peak wavelengths 
of the reflective region are given by the strong resonance coupling between the Au disks 
in the plane, or more specifically the polymer separation in between, as well as the disk 
thickness.  
 
Figure 7.4 (a) SEM of the sample with one-layer 300nm Au disk deposited in the template 
and (b) the simulated (red dash) and measured (black solid) reflection spectrum; (c) the 





When there are two layers of Au disks (i.e. 300nm each) and set apart of 1μm, shown 
in Figure 7.5(a), the overall spectrum profile gets altered dramatically (Figure 7.5(b)). As 
the simulation predicted (red dash curve), not only the reflection band becomes broadened 
and more completely reflecting over 3μm to the 5μm range, one strong dip in reflection 
and thus strong transmission band can be observed in the wavelength slightly longer than 
2.7 μm. The measured signal from FTIR (black solid curve in Figure 7.5(b)) matches very 
well with the simulated results, especially for the sharp low reflectance band. At longer 
wavelengths, the imperfection in the reflectance is likely caused by both the vibrational 
state in the polymer bonding due the C-H and other existing stretching bonds.[20] Other 
imperfection in the spectrum may cause by the incomplete dissolution of Ni spacer due to 
possibly insufficient dissolution time. Fortunately, both influencers can be potentially 
removed by replacing the template material and improved processing conditions.  
To understand the mechanism for the formation of sharp transmission, we modeled the 
response with changing gap dimension g along with the radius r in the configuration shown 
in Figure 7.5(c). The strong intensity of the electric field in between the Au disks (Figure 
7.5(d)) suggests that the transmission is caused by a far-field Fabry-Perot type of 
destructive interference coupling between the two Au disks with an electric field oscillation 
in between. Shown in Figure 7.5(e) is the simulated transmission peak position with 
respect to the changing gap size g. By simply increasing g from 600nm to 1.2μm, the lowest 
reflection peak quickly shifted from 2μm to about 3μm, without the need to change any 
other parameters, which further confirms the formation of low reflectance is primarily 
caused by the gap dependent destructive interference. Because of the broad high reflection 




and transmission can easily reach ~70% or more. As labeled out on the plot, when the gap 
is 1μm, the measured spectrum matched perfectly with the simulation and well predicted 
by the trend. It is therefore intriguing to see that the dip position can be widely tuned over 
a broad range of wavelengths (i.e. one micron or more) easily by controlling the Au/Au 
gap distance, which can be easily realized by a precise control of the Ni charge 
accumulation. By changing the Au disk radius under a fixed g of 1μm, we can see from 
Figure 7.5(f) that the transmission peak width can be significantly altered, resulting in a 
radius dependent quality factor change. By increasing the Au disk radius r from 150nm to 
330nm, the transmission line width can be drastically reduced from an FWHM of ~450nm 
to ~80nm, a difference of over 5 folds, indicating a much-improved resonator quality factor. 
As another benefit by increasing the Au filling ratio as the lattice constant of the structure 
is not changed, more light is now being reflected because of the gap between Au disks are 
now becoming narrower, the long wavelength edge of the broad reflection band will now 





Figure 7.5 (a) SEM images for and bi-layer Au disks, 300nm each and separated by 1μm. 
(b) simulated and measured reflection spectrum for the sample shown in (a); (c) the 
schematic drawing of a bi-layer structure with gap distance g and radius r that will be used 
for simulations in (d) electric field distribution, (e) gap dependent reflectance shift with 
fixed r = 250nm and (f) the r dependent reflectance shift with fixed g = 1 μm the simulated 
responses from FDTD (red dash) and measured signals from FTIR (black solid). 
 
When there are more layers of Au resonators presenting in the structure, one would 
expect the spectral response to be more of a photonic crystal, which is a material that can 
produce a strong selective reflection in a specific wavelength range while the other regions 
are more transmissive.[1] In our system, the Au and air gap, as well as the surrounding 




with both easily controlled metal filling fraction and vertical periodicity. An important 
advancement of using MDPC is that the metallic element in adjacent layers do not 
physically touching, so that these unconnected atomic cores do not allow long-range 
conduction currents and therefore reduces ohmic losses that increase rapidly with 
frequency and would otherwise make it difficult to operate photonic crystals in the infrared 
or visible regions. Additionally, because of its large imaginary dielectric component, a 
metallic core reflects radiation very efficiently.  
Here, as shown in Figure 7.6, the optical properties of a three-layer equally spaced Au 
disk array with 300nm Au thickness and 200nm gap size is investigated. A perfectly match 
between simulation and experiment result is established, indicating a very clearly removed 
Ni phase and large area uniformly distributed Au and gap spacings. More importantly, the 
measured spectrum is shown near perfect reflection between 1.5μm and 3μm, even slightly 
better than a brand-new Au mirror which was being used as the background reference. The 
FWHM / center wavelength gives ~70% bandwidth, suggesting the potential of forming an 
ultra-broadband MDPC. Although propagation on this direction alone cannot confirm the 
presence of a three-dimensional band stop, it is the most important direction from a 
practical standpoint as it is the most commonly used direction and one of the biggest 
advantage over the 2D counterparts.  
Like the bi-layer system, we studied the electric field and evolution of the photonic 
band position by changing several of the key parameters, such as the vertical periodicity 
and the metallic filling fraction. The field distribution obviously suggests that the incident 
wave couples to the radiative mode of the Au disk and more constructive interference is 




transmitted through the Au stack. Based on the results from band structure calculation, the 
center wavelength of the photonic stop band is tightly correlated to the vertical periodicity 
a, as it can be clearly seen in Figure 7.6(c) that when the gap spacing is at 500nm, 750nm 
and 1000nm, the center wavelengths are located around 2μm, 2.7μm, and 3.5μm, 
respectively. Within the same vertical periodicity, however, the center wavelength red 
shifts as the disk thickness increases while the band strength will first increase and then 
decrease when the filling fraction of metal keep increasing. This is likely resulted from 
both the increase of capacitive coupling (as the gap continuously becomes smaller) to push 
the low-frequency band edge to lower frequency (longer wavelength). Therefore, one way 
to significantly increase the band strength is to widen the pore size of the template and 
therefore narrowing the gap between each Au disk laterally as this will result in a dramatic 
increase in the strength of horizontal capacitive coupling. Once there are more layers of Au 
containing in the structure, like the one shown in Figure 7.7(a), the reflectance band will 
become more ideal as the can be seen from Figure 7.7(b), where the entire 1.5 to 2.4μm 
spectral region are very close to 100% reflectance with respect to the Au mirror reference. 
This is very exciting because using this method a near perfect reflectance can be achieved 
with just 5-6 vertical repeating units, while have the overall band strength approaching 50% 
gap/mid gap ratio or more, which significantly reduces the restriction in the requirement of 





Figure 7.6 (a) SEM images for and bi-layer Au disks, 300nm each and separated by 1μm. 
(b) simulated and measured reflection spectrum for the sample shown in (a); (c) the 
schematic drawing of a bi-layer structure with gap distance g and radius r that will be used 
for simulations in (d) electric field distribution, (e) gap dependent reflectance shift with 
fixed r = 250nm and (f) the r dependent reflectance shift with fixed g = 1 μm the simulated 






Figure 7.7 (a) Cross section image of an equally plated six layer Au structure and (b) the 
corresponding reflectance spectrum measured from the sample.  
 
7.4 Conclusions 
In this work, by using holographic lithography and electrodeposition of Au and 
sacrificial metal Ni and then dissolution, we have successfully demonstrated the formation 
of Au/air multilayer structures inside the polymer template. The unique part of our design 
is that by using the ion permeable polymer SU-8, we can leave the template in place during 
the dissolution process and therefore provide a physical support to all the remaining 




demonstrated throughout the work, we can design all types of Au resonator structures that 
provide very different optical responses in different frequency regime, which will be 
difficult to realize using all other known lithography and printing processes. Not limited to 
the demonstrations we shown here, this technique will certainly allow us continually 
exploring other properties associated with this metal, air gap structure for both more 
sophisticated optical responses or acousto-plasmonic coupling phenomenon. 
Suggestions for Future Research 
In addition to the strong reflection and transmission demonstration shown in this 
section, more exploration could be applied to reduce the Au/Au gap distance to the 
subhundred-nanometer regime so that selective absorption by reducing the air gap between 
Au disks, rods, could be studied. Template with different designs (i.e. hole template with 
different hole orientation, different hole shape) could also be used so that the Au resonators 
can possibly be arranged in a different crystal structure that can be more favorably to open 
up complete bandgap with very broad bandwidth in all directions, or negative refraction, 
strong frequency dependent absorption, etc.  
7.5 References 
[1] E. Yablonovitch, “Photonic crystals: semiconductors of light,” Sci. Am., vol. 285, 
no. 6, pp. 46–55, 2001. 
[2] S. John, “Strong localization of photons in certain disordered dielectric 
superlattices,” Phys. Rev. Lett., vol. 58, no. 23, p. 2486, 1987. 
[3] S. Jeon et al., “Fabricating complex three-dimensional nanostructures with high-
resolution conformable phase masks,” Proc. Natl. Acad. Sci. U. S. A., vol. 101, no. 34, pp. 
12428–12433, 2004. 
[4] K. A. Arpin et al., “Three-dimensional self-assembled photonic crystals with high 
temperature stability for thermal emission modification,” Nat. Commun., vol. 4, Oct. 2013. 
[5] R. Zhang, H. Ning, N. A. Krueger, D. Bacon-Brown, and P. V. Braun, “3D 
Holographic Photonic Crystals Containing Embedded Functional Features,” Adv. Opt. 




[6] S. Jahani and Z. Jacob, “All-dielectric metamaterials,” Nat. Nanotechnol., vol. 11, 
no. 1, pp. 23–36, Jan. 2016. 
[7] G. von Freymann, V. Kitaev, B. V. Lotsch, and G. A. Ozin, “Bottom-up assembly 
of photonic crystals,” Chem Soc Rev, vol. 42, no. 7, pp. 2528–2554, 2013. 
[8] M. T. Barako et al., “Thermal conduction in nanoporous copper inverse opal films,” 
in Thermal and Thermomechanical Phenomena in Electronic Systems (ITherm), 2014 
IEEE Intersociety Conference on, 2014, pp. 736–743. 
[9] M. Campbell, D. N. Sharp, M. T. Harrison, R. G. Denning, and A. J. Turberfield, 
“Fabrication of photonic crystals for the visible spectrum by holographic lithography,” 
Nature, vol. 404, no. 6773, p. 53, 2000. 
[10] M. Deubel, G. von Freymann, M. Wegener, S. Pereira, K. Busch, and C. M. 
Soukoulis, “Direct laser writing of three-dimensional photonic-crystal templates for 
telecommunications,” Nat. Mater., vol. 3, no. 7, pp. 444–447, Jul. 2004. 
[11] E. C. Nelson et al., “Epitaxial growth of three-dimensionally architectured 
optoelectronic devices,” Nat. Mater., vol. 10, p. 676, Jul. 2011. 
[12] J. Valentine et al., “Three-dimensional optical metamaterial with a negative 
refractive index,” Nature, vol. 455, p. 376, Aug. 2008. 
[13] D. Chanda et al., “Large-area flexible 3D optical negative index metamaterial 
formed by nanotransfer printing,” Nat. Nanotechnol., vol. 6, p. 402, Jun. 2011. 
[14] P. Ginzburg et al., “Manipulating polarization of light with ultrathin epsilon-near-
zero metamaterials,” Opt. Express, vol. 21, no. 12, p. 14907, Jun. 2013. 
[15] E. R. Brown and O. B. McMahon, “Large electromagnetic stop bands in 
metallodielectric photonic crystals,” Appl. Phys. Lett., vol. 67, no. 15, pp. 2138–2140, Oct. 
1995. 
[16] S. Fan, P. R. Villeneuve, and J. D. Joannopoulos, “Large omnidirectional band gaps 
in metallodielectric photonic crystals,” Phys. Rev. B, vol. 54, no. 16, p. 11245, 1996. 
[17] J. Jung, T. Søndergaard, and S. I. Bozhevolnyi, “Gap plasmon-polariton 
nanoresonators: Scattering enhancement and launching of surface plasmon polaritons,” 
Phys. Rev. B, vol. 79, no. 3, Jan. 2009. 
[18] T. Søndergaard, J. Jung, S. I. Bozhevolnyi, and G. Della Valle, “Theoretical 
analysis of gold nano-strip gap plasmon resonators,” New J. Phys., vol. 10, no. 10, p. 
105008, Oct. 2008. 
[19] N. Liu, H. Guo, L. Fu, S. Kaiser, H. Schweizer, and H. Giessen, “Three-
dimensional photonic metamaterials at optical frequencies,” Nat Mater, vol. 7, no. 1, pp. 
31–37, Jan. 2008. 
[20] L. Yi, W. Xiaodong, L. Chong, L. Zhifeng, C. Denan, and Y. Dehui, “Swelling of 
SU-8 structure in Ni mold fabrication by UV-LIGA technique,” Microsyst. Technol., vol. 
11, no. 12, pp. 1272–1275, Nov. 2005. 
[21] Z. Zhou, Q. A. Huang, W. Li, W. Lu, Z. Zhu, and M. Feng, “The Swelling Effects 
during the Development Processes of Deep UV Lithography of SU-8 Photoresists: 
Theoretical Study, Simulation and Verification,” in 2007 IEEE Sensors, 2007, pp. 325–
328. 
[22] S. Eustis and M. A. El-Sayed, “Why gold nanoparticles are more precious than 
pretty gold: Noble metal surface plasmon resonance and its enhancement of the radiative 
and nonradiative properties of nanocrystals of different shapes,” Chem Soc Rev, vol. 35, 




[23] H. Zhang, X. Yu, and P. V. Braun, “Three-dimensional bicontinuous ultrafast-
charge and -discharge bulk battery electrodes,” Nat. Nanotechnol., vol. 6, no. 5, pp. 277–
281, May 2011. 
[24] V. Berger, O. Gauthier-Lafaye, and E. Costard, “Fabrication of a 2D photonic 







DYNAMIC 3D PHOTONIC CRYSTAL FORMED USING TUNABLE 3D 
MICROPLASMA ARRAYS 
 
8.1 Background and Motivations 
As has been discussed in the previous chapters, since first being discovered two 
decades ago,[1–3] 3D photonic crystals (PhCs), materials with periodic variation of 
permittivity over the length scale of light, have been made into various materials and 
geometries in order to achieve effective control over the propagating electromagnetic wave. 
By far, the design of PhCs are mostly based on using solid (i.e. dielectrics or metals) and 
fluid (i.e. air, liquid or gel) two-phase system, where the solid phase behaves as the high 
index medium. Combining the advantages of the wide availability of materials and the fast 
developing micro- and nanofabrication techniques, conventional 3D PhCs with a 
characteristic length scale down to micron or nano sizes have been realized.[4–6] Because 
of the ability to control the propagation of light within the materials, various applications 
have been proposed in the fields of spontaneous emission control[7–9], energy 
harvesting[10,11], light extraction[12] and waveguiding[13]. Once fabricated, these 3D PhC 
will be arranged in the pre-designed crystal structure. In certain circumstances, the 
photonic stopband position (i.e. reflection peak) might be blue or red shifted by changing 
the effective refractive index in the fluid phase, or by slightly expanding or shrinking the 
periodicity.[14,15] To achieve this, it requires the periodic structures to sit in an environment 
that is sensitive to either the changing pH value or electric field or temperature, etc.   
It is clearly more interesting if a 3D PhC can be configured to have different crystal 




controllable manner. Attributed to the solid nature of metal and dielectrics, and the 
relatively static optical constants of those materials due to a limited range of electron 
density tunability, once a structure is fabricated, reconfigure from current arrangement to 
a new layout becomes extremely difficult or impossible. The tunability is therefore limited 
to only the change of refractive index or lattices constant over a limited range,[14] which in 
turn result in a limited range of spectrum or signal tuning. In order to achieve a giant tuning 
in the PhC, the questions are, therefore, 1) whether one can find a material that can have 
easily changed optical properties or 2) whether there exists one crystal structure that can 
be easily rearranged with respect to the changing external control, such as the on/off 
electric field or magnetic field.   
Plasmas, the main building blocks for gaseous electronics, are advantageous than other 
materials in terms of the presence of gas but can have properties similar to either dielectric 
or diluted metal.16,17 When there is no discharging electric field being applied, the gaseous 
plasma will behave no different from the commonly seen gas phase, insulating and can be 
assumed to have a background refractive index of 1. However, when it is being discharged 
by the external electric field or heat, the ionized gas will be consisting of positive ions and 
free electrons which will make the permittivity dramatically different from the intrinsic 
state. The dielectric permittivity εp of plasma can be estimated from Drude model 
 εp = 1 −
𝜔𝑝
2
𝜔2(1 + 𝑗 𝜈 𝜔⁄ )
= 1 −
𝑒2𝑛𝑒
𝜀𝑜𝑚𝑒𝜔2(1 + 𝑗 𝜐 𝜔⁄ )
 (8.1) 
where ωp, the plasma frequency, is directly proportional to the square root of the electron 
density ne. Both of the real ε and imaginary part ε’’ of permittivity εp are dependent on ωp 
and collision frequency ν. Attribute to the prominent role of ne, which can be dynamically 




Microplasma as a pronounced member in plasma physics is known because it can be 
operated with a power density of 104 to 106 W cm-3 with ne ranging from 10
13 to 1017 cm-3 
by confining in a cavity of nano-liters to micro-liters,[16,17] which results in tunable ωp in 
the range between 30 GHz and 3 THz, corresponding to a wavelength range of 10 mm to 
100μm. Although it is clear that the ne for microplasma is a few orders lower than that of a 
metal (i.e. on the order of 1023 cm-3), multiple key applications in radio astronomy,[18] 
remote sensing,[19] telecommunications,[20,21] require the manipulation of electromagnetic 
wave in microwave regime and will therefore potentially find microplasma technology 
very important. Therefore, it will also be thrilling if we can use the concept of the photonic 
crystal and apply it here to design a device that can manipulate the reflecting or transmitting 
wave signal in the microwave wavelength regime.  
It has been shown in early publications that microplasma can be easily confined in 
cavities or channels with critical dimensions from several hundred microns to tens of 
microns.[22–26] The comparable sizes of λp and the characteristic length scale of the 
microcavities can potentially make microplasma a strong material candidate for the 
realization of microplasma photonic crystals (MPPhCs) and therefore to modulate the 
propagation of microwave. This is exciting because, once it is realized, the designed 
MPPhC will be composed of two gas phases of which one will be controlled to have a 
changing ne over several orders of magnitude. The concept of PPhCs have been proposed 
by Sakai and Tachibana[27,28] using 1D plasma/dielectric alternating layer[29] or 2D 
alternating plasma columns under low ne ranges (i.e. 10
11 to 1013 cm-3) with large plasma 
dimensions,[30] and excitingly, initial observations on the attenuation of transmission signal 




MPPhCs was ever reported, which is unfortunate because of the remarkable advantages 3D 
PhCs would have compared to their 2D counterpart[32].   
Here, we propose a design of 3D MPPhC using microplasma columns intersecting from 
all the three principal directions and evaluate the versatile opportunities of assembling 
microplasma column arrays as 3D PhCs using finite difference time domain (FDTD). The 
potential structural reconfigurability not only allows the changing of layout of the MPPhC 
from 2D (i.e. microplasma channel from only one direction) to 3D (i.e. microplasma 
channel from intersecting from two directions) or the unprecedentedly reported s3D 
structure (i.e. orthogonal microplasma columns from all the three directions), but also allow 
the addressability of power loading in all the three directions to tune the ne in each 
individual plasma channel. The detailed set of simulation on the structural and ne dependent 
stopband tuning are investigated. We show that at an intermediate ne level, our proposed 
3D MPPC will be able to provide a strong reflection band signal will be able to greatly 
shifted by various control. Lastly, we will unveil the very first 3D MPPC as well as the 
preliminary testing results from it. We will show that the measured signal matches the 
expectation and can be potentially optimized for better getting better signals. 
8.2 Experimental Methods   
     Lumerical FDTD solutions, the commercially available simulation software for 
photonics and electromagnetism, is used in this work for all the simulations. The simulation 
time is set to be 2 × 107 fs, with mesh size to be 40 × 40 × 40µm. Periodic boundaries along 
lateral directions (XY plane normal to the incident electromagnetic wave) are used during 
simulation which assumes an infinite repeating unit along this plane while along z 




Broadband plane wave with a wavelength between 0.8 and 8.5 mm are used as the incident 
wave. External incident plane wave is used for simulating the reflectance and transmission 
spectrum. As for the simulation on photonic band structure, dipole cloud is placed in the 
proximity of plasma column and all be confined in a unit cell.  
8.3 Results and Discussion 
Our idea of constructing MPPC is based on intersecting microplasma arrays from 
different directions. Showing in Figure 8.1 is a schematic drawing of an s3D MPPC with 
the plasma columns plotted in purple and background dielectrics in transparent. The 
perspective view in Figure 8.1(a) is an s3D layout containing multiple repeating units, 
with microplasma columns entering the structure from all the three principal, mutually 
orthogonal directions. In practice, the microplasma channels can be formed either in the air 
(i.e. shoot out from nozzles) or in mm-wave transparent solid materials (i.e. glass tube, 
polymer), with a molding inversion method. More details can be found in our previous 
report.[22,33] Figure 8.1(b) shows the top view of the s3D MPPhC. Because these micro-
channels are independent of each other, ideally, each plasma containing channel would be 
able to be addressed on/off individually, as long as there is a satisfying external circuit. 
Therefore, the arrangement of the plasma channels can be easily defined into any 
configurations. However, for simplicity, all of the simulated MPPhC unit cells in this work 
are arranged in SC with lattice constant set to be a = 1mm (Figure 8.1(c)). The diameter d 
of the plasma columns falls in the range of 50 to 500µm and the spacing between the 
orthogonal layers are defined to be l, a parameter could also be used to adjust the stopband 





Figure 8.1 Schematics of complex s3D MPPhC. (a) The perspective view of s3D MPPhC, 
assembled by 9 × 9 × 10 PCs with diameter of d; (b) The top view of an s3D MPPhC; (c) 
Zoom in view of the image (b), the periodicity of unit cell is set to be a, layer to layer gap 
distance is l. 
 
Before stepping into the optical simulation, we first provide a thorough introduction to 
our material. We show in Figure 8.2 the transition of the unit cells through 2D to s3D 
structures from a top view (Figure 8.2(a-c)), side view (Figure 8.2(d)-(f)) and perspective 
view (Figure 8.2(g)-(i)), respectively. The 2D and 3D structures would potentially be 
complementary (i.e. switch between each other), once the more complex one is realized. It 
is interesting to see that the 2D configuration will be fundamentally different when viewing 
from different angles in such that along two of the incident surfaces the structure forms a 
polarization dependent 2D MPPhC where along the third direction although there is no 
varying permittivity along the propagation direction, it can potentially be treated as a 
hyperbolic metamaterial once the plasma is in its metallic phase, which may be useful for 
its intriguing properties in negative refraction and self-focusing.[34] Similar to the 2D case, 




alignment of plasma channels along one direction though there are additional channels 
entering parallel to the propagation direction of wave enter (Figure 8.2(d)). However, 
when viewing from the other end of the structure (Figure 8.2(e)), the two crossing channel 
arrays intersected orthogonally, both form right angles to the incoming light and therefore 
become isotropic and polarization independent. Compared to the two configurations 
mentioned above, the s3D configuration, shown in Figure 8.2(g)-(i), will be isotropic along 
all the viewing angles and so forth the response from all the principal surfaces of the cube, 
regardless along which direction the wave propagates. However, the geometry is still 
different from that of the isotropic 3D case, where the third dimension of plasma arrays 
entering through the center of the openings. The role of this third direction will be discussed 
in the following paragraphs. 
 
Figure 8.2 Detailed unit cell layouts for (a)-(c) 2D, (d)-(f) 3D and (g)-(i) s3D MPPhCs, 
where (a), (d), (g) are the side views, (b), (e), (h) are the top views and (c), (f), (i) are the 
perspective view of each configuration, respectively. Very different geometries are seen 
along the different primary axis. On the side are the demonstration of incident wave 




It is anticipated that all these configurations will offer distinguishable control in signals 
and can thus be potentially developed into a series of MPPhCs with very different response 
to the incoming electromagnetic wave. We simulated to see how much difference in the 
signal can be provided by switching from 2D to s3D and have waves propagate along each 
principal axis. To start, we assume each of the microchannel to be 450µm in diameter and 
arranged in an SC lattice with a periodicity of 1mm. As we already learned in previous 
chapters, for PhCs, the stopband spectral position can be roughly estimated as the 2-3 times 
of the characteristic periodicity. Therefore, for the case of the lattice constant of 1mm, the 
stopband will potentially appear in the 2-3mm region. Additionally, we assume the electron 
density ne and collision frequency ν to be 10
16 cm-3 and 1 GHz, respectively, which is the 
case of a currently achievable ionization level with a relatively low damping coefficient. A 
simple calculation using Drude model leads us to the corresponding λp of 330μm, or ~900 
GHz in ωp, for a wavelength longer than which the real ε will thus be negative. In fact, 
under the simulated circumstance, a ne as low as 10
14-1015 cm
-3 might be sufficient to create 
enough index contrast with the background dielectric medium. The detailed results from 





Table 8.1 Electron density ne dependent plasma frequency ωP in GHz and rad/s as well as 
the characteristic cut-off wavelengths calculated with Drude model. 
ne  (cm-3) λp (mm) ωP (GHz) ωprad (×109 rad/s) 
1013 10.6 28.3 177.8 
1014 3.3 91 571.8 
1015 1.1 272.7 1713.4 
1016 0.33 898.2 5643.6 
1017 0.105 2858.1 1.8E4 
 
Figure 8.3(a) is the reflectance spectra simulated under semi-infinite MPPhC where it 
has infinite repeating lateral units but a total of 10-units in the light propagation direction. 
An external incident broadband plane wave is used for the simulation. Both TE and TM 
linearly polarized wave is used in this simulation and follows the convention provided in 
Figure 8.2.  It is clear from Figure 8.3 that for a 2D MPPhC, the reflectance responses are 
very different along different directions, not only in the spectral position but also whether 
there exists a stopband. As expected, when the wave propagates along the microchannels, 
no reflectance band is detected (Figure 8.3(a)), as there is no index contrast. Instead, the 
only reflection resulted from standing wave oscillation can be detected. The little 
reflectance over spectrum indicating no PhC effect but could be used as waveguides to 
guided wave propagation. When the wave propagation is perpendicular to the length of 
plasma columns, a polarization dependent 2D MPPhC response is produced (Figure 
8.3(b)). Both TE (shown in blue) and TM (shown in red) wave will produce a finite gap 
but at different frequencies (i.e. centered at 1.5mm for TE and 2.25mm for TM) because 
of the different effective electron conductivity and therefore the anisotropic effective 




to different confinement. But under TM illumination, an infinite bandgap commencing 
from zero frequency is also observed which has been seen in 3D metallic PhCs.  
With an extra array of PCs entering through the dielectric regions of 2D MPPhC, the 
3D MPPhC will behave as a PhC along all the three axes (Figure 8.3(c)-(d)). However, 
the signals would be different if the electromagnetic wave is entering from different 
principal directions. The polarization dependent structure (Figure 8.3(c), corresponding to 
Figure 8.2(d) in layout) shows similar but shifted reflectance response comparing to the 
2D counterpart for TE polarization, with the low-frequency end of the band-edge redshifted. 
Under TM wave, the finite band shrinks but red shifted along with the infinite band. The 
shrinkage of the finite band can be understood in two ways: i) the newer set of PC array 
reduces the effective permittivity of the otherwise pure dielectric region and weakens the 
index contrast between the to parts and therefore the band gap size is reduced; ii) the 
addition of new PC act like conductive wire and therefore will guide certain frequency 
wave to propagate. On the other hand, the redshifting bands are caused by the increase of 
|𝜀| in the surrounding medium. If understand the phenomenon from the perspective of 
waveguiding, the increase in the absolute value of 𝜀 reduces the frequencey of allowed 





where m = 1,2,3…, c is the velocity of light in vacuum and 𝜀0  is the permittivity in 
surrounding dielectrics. The stopband under TE polarization expands, covering 2mm to 
3.5mm, and also redshifts. Different from the case for TM polarization, additional 




the capacitive resonance frequency and pushes the bandedge towards longer wavelength.[36] 
The reflectance becomes polarization independent once the propagation direction of the 
wave is perpendicular to both of the orthogonal PCs. It behaves similarly to a TM case in 
Figure 8.3(b) and (c), with the co-existence of both finite and infinite gap. The size of 
finite-gap is larger than either of the two cases mentioned above since the wave will 
encounter more alternating index contrast along propagation. The infinite band edge stays 
about the same frequency with the TM spectrum in Figure 8.3(b), which is understandable 
because the PC filling fraction will be similar in both cases.  
Once all the three directions have PCs exist, the reflectance spectra become isotropic 
regardless of where the wave is entering and, therefore, it is polarization independent 
among all the three principal directions. This is a huge improvement as it opens the 
opportunity for a complete band. The finite stop gap bandwidth for s3D is now being 
widened significantly compared to either of the two situations discussed above. As a simple 
quantification, the gap/mid-gap ratio under s3D reaches ~62%, compared to ~50% for the 






Figure 8.3 Structure-dependent reflectance tuning. (a)-(f) Reflectance spectra simulated 
for different orientation and dimensions of the MPPhCs shown in Figure 8.2. TE, TM 
responses shown in red and blue curves, respectively. 
 
Another governing factor for tuning is ne, which is achieved by controlling the power 
loading. As we showed in Table 8.1, εp is highly dependent on ne. We calculated the 
permittivity of plasma in the wavelength range of 1 mm (300 GHz) to 6 mm (50 GHz), 
with ne increased from 10
15 cm-3 to 1017 cm-3 and ν = 1 GHz. Both ε and ε’’ are plotted in 
Figure 8.4(a) and (b), respectively. It is clear from the plot that 1) for each ne, ε becomes 
significantly negative towards longer wavelength, indicating a fast increase in refractive 
index n and 2) under each wavelength, higher ne can easily lead to more negative value in 
ε. The smallest |𝜀| appears on the bottom left corner of Figure 8.4(a), where ε ~0 for ne = 
1015 cm-3 at λ = 1mm, which is still clearly lower than all the known dielectrics. Under low 




under this circumstance is close to non-lossy metal for which the signal will not be damped 
significantly.  
   Based on the findings discussed in the previous paragraph, it is therefore interesting to 
see how the spectra will be changing under different ne, but at a fixed ν. The spectra shown 
in Figure 8.4(c) are the reflectance spectra under three discrete ne levels, namely 10
15cm-3, 
1016cm-3 and 1017cm-3. The spectra blue shift as ne increase, which gives the impression 
that the bands move in the direction of increasing ωp. It is also can be seen that the 
reflectance reaches 100% at high level of ne, which indicates that it will be easier to achieve 
the device as fewer layers are required to open up the strong gaps. The signal evolution of 
the stopband with respect to the increase in ne is plotted in Figure 8.4(d). The finite band 
position shift fast from 2.8 mm/4.4 mm (short/long band edge) to 1.6 mm/3.1 mm when ne 
is increased from 1015 cm
-3 to 2 × 1016 cm-3, with the infinite band also blue-shifted 
dramatically from ~6 mm to ~3.5 mm. Further increase in ne does not change the band 
position significantly and the band edges stabilized around 1.5 mm/3.0 mm and 3.5 mm at 
ne = 4×1016 cm-3 or higher electron density. The total shift can reach ~50% in the spectral 
position within ×40 difference in ne. Considering the lattice constant of our MPPhC is 
1mm, these results suggest that the band positions are more dominated by the periodicity 
a once ne reaches a high enough number. Further blue shifting of the band will instead 
require shrinkage of the lattice size rather than keep increasing in ne. It is worth noting that 
the fast increase in ne not only results in a dramatic change in the stop band position but 
also significantly improves the band strength from ~35% to over 65%, a quantity that is 





Figure 8.4 ne dependent plasma (a) real part permittivity, ε; (b) imaginary permittivity, ε’’ 
as well as (c)(d) spectrum and stop band properties for a s3D MPPhC with d equals 450μm. 
 
In addition to the stopband tuning by changing structures or permittivity, we also 
evaluated how detailed design parameters such as PC diameters (d), layer to layer spacing 
(l) between the intersecting PC layers would affect the results. Figure 8.5(a) summarizes 
the key contributions of a s3D MPPhC by changing d between 50 µm to 500 µm and under 
a constant ne of 10
16 cm-3 and ν of 1 GHz. When the diameter is small, the increase in d 
broadens the finite reflectance band gradually, with the short wavelength side of the band 
edge mostly staying unshifted and the long side band edge slowly pushes to longer 
wavelength. Such changes are similar to the dielectric PhCs that the band strength increases 
as the material filling fraction gets higher.[32] Meanwhile, the cut-off infinite band edge is 




be easily understood in the way that with higher PC filling fraction, the MPPhC becomes 
less “diluted” and therefore the effective cut off frequency reveals the ωp for the bulk 
medium. However, the blue shifting trend slows down and finally gets stopped or even 
pushed back to a lower frequency as the gap between the PCs becomes narrower, 
suggesting that the increase in material’s cutoff frequency is competing against at least one 
other factor that slows down the movement. Likely that the capacitance coupling is again 
playing a key role here, as the increase in capacitance is well known to be non-linear with 
the linear shrinkage in gap distance. Due to the same reason, the stopband is continued to 
be opened by lowering the dielectric band edge as the as the gap between PC is 
continuously decreasing. However, in the case of d equals 500μm and the nearby PCs 
touches, the structure suddenly losses all the capacitive responses and results in a strong 
broadband reflection similar to the conventional metal mesh with the infinite band edge 
suddenly moves to very high frequency.  
 
Figure 8.5 Stopband fine-tuning using (a) changing PC diameter d and (b) changing layer 






Figure 8.5 (cont.) 
 
Based on the results above, we hypothesize that similar spectrum tuning response will 
also be given by changing PC to PC gap distance l, a practical parameter to vary as one can 
easily mount all the PCs on a moving stage with the controllable layer to layer spacing. As 
a simplification, we perform the simulation based on the s3D unit cell structure, with d 
fixed to be 450µm and periodicity fixed to be 1mm. Again, ne and ν are set to be 10
16 cm-3 
and 1GHz. The PCs along the propagation direction are fixed, only the gap distance 
between the each pair of adjacent PC layers normal to the propagation direction are 
adjusted. By changing l from 0 µm to 1000 µm, we see an oscillation in the gap positions 
as shown in Figure 8.5(b). The maximum band gap (i.e. 1.6 mm/3.1 mm, > 60% gap/mid-
gap ratio) can be obtained when the PCs entering through the center of two adjacent 
orthogonal PC layers (i.e. 500 µm to each side). Symmetric signals are found when the PCs 




mm/2.4 mm, 23%) takes place when the orthogonal PCs are intersecting through each other. 
Throughout the entire process, the air band edge stays mostly constant but the dielectric 
band edge changes significantly by over 25%. The infinite band edge sweeps in a similar 
manner with the dielectric band edge and leaves a transmitting band oscillating between 
the two strong reflecting regions. Similar to the discussion mentioned above, such 
oscillation can be explained by the equivalent capacitance (Ceq) changed by two sets of 
capacitors connected in series. The maximum Ceq occurs when the two capacitors have 
equal capacitance which is the case for l equals to 500μm. At this condition, the capacitive 
resonance frequency is the lowest and, therefore, the dielectric bandedge reaches the 
longest wavelength. In contrast, since Ceq is limited by the smallest C in the series, its 
magnitude becomes smallest when one of the two capacitances is about to vanish and 
therefore have the highest ω. For similar reasons, we believe that the s3D MPPhC will have 
an overall broadest band gap when all the PCs are intersected through the center of each 
other, with equally spaced gap distance to each other. Regardless the band strength, the 
oscillation of band region could play a very important role in determining the 
electromagnetic waves to be reflected or transmitted, which is extremely important in 
modulating signals.  
So far, all the studies have been based on a low ν level, which may not be easy to realize 
experimentally. It is therefore important to evaluate the effects under higher ν levels. As a 
beginning of the analysis, we first reassess the optical properties of plasma under fixed ne 
of 1016 cm-3 but varying ν between 1 GHz to 100 GHz. The results are summarized in 
Figure 8.6 (a) and (b) for ε and ε’’ for wavelengths from 1 mm to 6 mm. As a first 




implication that the material is lossier under high collision level and will cause signal 
damping. The spectra shown in Figure 8.6(c) are the reflectance simulated under the same 
conditions with previous studied s3D structure except for various ν at 1 GHz, 10 GHz, 50 
GHz and 100 GHz. Because of the signal dissipation, the reflectance intensity clearly 
decreased with the increasing ν. However, these results are still very promising in terms of 
the clear observation of spectral selected reflection at least at ν = 100GHz. When higher 
signal contrast is needed, one of the strategies is to reduce the PC diameter (i.e. reducing 
the filling fraction, and therefore), although by doing this, advantages in band strength and 
angular independence might be compromised (Figure 8.6(d)). 
 
Figure 8.6 Collision frequency ν dependent plasma permittivities (a) real part ε, (b) 
imaginary part ε’’. (c) Reflectance spectra of d = 450 µm s3D MPPhC under ne = 10
16 cm-
3
 and changing ν. (d) reflectance spectra of s3D MPPhCs under ν = 100 GHz but different 





For the first time, we proposed a dynamic reconfigurable s3D MPPhCs assembled from 
intersecting PC array in three dimensions in this work. Compared with previously reported 
static PhCs and 2D plasma PhCs at large unit sizes, pronounced advantages are 
demonstrated, including dramatic stop band switching between high and low dimensions, 
spectrum fine-tuning via layer-to-layer spacing and the PC diameters. The confinement of 
plasma into micro-channels would allow the acquisition of high ne in a tunable manner. 
Strong photonic stopband with strength >60% is observed under intermediate ne level 
(>1×1015 cm-3). Based on these results, we envision more interesting signal modulation 
would become possible with careful control of power loading or gaseous in individual PC. 
The capability to modulate microplasma array in all the three dimensions, in a combination 
of varying from simple cubic geometry to woodpile structure and beyond, provide versatile 
abilities to control isotropic electromagnetic responses including but not limited to 
photonic band gap.  
Suggestions for Future Research 
The obvious future research direction is to construct the device and test the signal 
change before and after the plasma is discharged. We have done some preliminary 
investigations in making the device. Figure 8.7 (a) shows the crystal scaffold formed in 
the silicone polymer (GE RTV615) by micro-pin molding and the formation of air channels 
after removing the metal pins from the polymer. The total size of the device is around 20 
mm × 20 mm, which is similar to the size of a US quarter placed aside and contains four 
parallel layers of microchannels. Figure 8.7(b) and (c) show the zoomed in picture of the 




microchannels with diameter of 350μm and separated to each other at a center-center 
spacing of 1 mm. Channels in each adjacent layer are orthogonal to each other while the 
third and fourth layer of channel arrays are deliberately off-set by 500μm to the top pair in 
either vertical or lateral direction accordingly to form a “woodpile” structure. We have also 
measured the signals from the device and observed the spectra shifting in the same 
direction as the simulation predicted under an electron density level roughly around 1014 
cm-3. More detailed measurement on the actual electron density, as well as more 
characterization on the material properties of the polymer scaffold are needed. In the future, 
to obtain a stronger modulation in the transmitted or reflected signal, more repeating units, 
higher electron density as well as lower collisional frequency can be needed.   
 
Figure 8.7 (a) Optical image of the silicone polymer based microchannel crystal formed 
using metal pin molding approach. A direct comparison with the quarter coin suggests the 
device physical size. (b) and (c), optical image with different magnification for the air 
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SUMMARY AND OUTLOOK 
 
This thesis is centered around the questions asked earlier: 1) what are the opportunities 
in materials that can be used to improve the properties of the 3D PhCs, 2) how to better 
develop the functionality of the 3D PhCs, and 3) how to reduce the difficulties in producing 
3D PhCs with good quality. With these questions in mind, we have proposed and developed 
new processing strategies, new materials and new concepts throughout the thesis to 
advance the deisgn and utilization of 3D PhCs.  
It has been fully demonstrated throughout this thesis that both colloidal self-assembly 
and holographic lithography are extremely suitable for large area 3D structure fabrication, 
while holographic lithography holds the promise for defect-free and more versatile 
template formation. Having the potential to make a flawless template using the lithography 
method, it is yet more difficult to add functionalities because of the holographic template 
formation mechanism, strict limitations on the compatibility between PR and other 
materials and, more importantly, the lack of possible ways for micromachining. In Chapter 
Two, we targeted at this limitation, and by using transfer printing, we successfully 
demonstrated a new fabrication scheme for incorporating multiple types of functional 
materials into the otherwise pristine structure with almost no damage to the overall material 
integrity. We successfully demonstrated that by changing the surrounding environment, 
the spontaneous emission rate of the localized rare earth emitter can be either enhanced or 
suppressed. We further showed that electroplating can be used for creating higher strength 




even with the pre-localized emitter layer. This invention breaks the intrinsic limitation that 
no external materials can be added to the PR based PhCs, opens the route to potentially 
couple the best 3D PhCs with the ultimate optical modulation in the future. Although the 
demonstration here is about 3D PhCs, the versatility from transfer printing and interference 
lithography can easily lead this method into the design of other nanophotonic materials or 
devices and will therefore also benefit future realization of integrated photonic circuits 
using 3D holographic structures.  
3D metallic PhCs have extraordinary potentials to be used as a spectral selective 
thermal emitter for thermophotovoltaic applications because of the extremely broad 
bandgap in long wavelengths but unfortunately are limited by the poor thermal stability, 
weak oxidation resistance under extremely hot conditions (i.e. T > 1300K) even with the 
most renown refractory metals. In Chapter Three, we demonstrated that by electroplating 
ReNi metallic inverse opals via a self-assembled colloidal crystal, an elevated temperature 
stable thermal emitter with size-dependent spectral selectivity can be possibly achieved. 
Because of the superior properties of Re, the resulting structure show unprecedented 
thermal stabilities (i.e. 1000oC for several hours) compare to all the other reported metallic 
microstructures made from electroplating. More interestingly, we demonstrated in Chapter 
Four that with a stable intermetallic Ni3Al phase formed by low-temperature aluminization, 
Ni inverse opal can have a huge jump in its thermal stability and oxidation resistance, which 
makes it comparable or superior to some of the similar structures made with refractory 
metals. The simplicity of material synthesis, easy scalability, and outstanding performance 
certainly makes the metallic alloying system more interesting than the single element 




clearly needed for both higher temperature operation and longer time duration. Therefore, 
for future work, similar synthesis strategies of forming alloys can be extended by 
introducing more thermally stable phases into the common metal matrix, like Ni, or by 
forming thermally stable phases into the refractory metal matrix to further suppress the 
material deformation or recrystallization under high temperature.  
In Chapter Five, we introduced an electrochemical approach to design and make 
metallic field emitter arrays with both improvements in mechanical and potential thermal 
stability compared to CNT with Ni inverse opal structure. We illustrate that pulsed 
electrochemical etching can be very effective in reducing the feature sizes down to a few 
nanometers in sharpness by converting an otherwise blunt structure into an efficient 
electron emitter. Future directions could be continuously exploring materials with higher 
thermal stability and lower work function materials as well as develop a template with 
higher aspect ratio. Although we are studying the properties of field emission here, such 
strategy and sharp features can also be potentially applied to make structures that can 
concentrate light in the plasmonics regime, or other applications like surface wetting, 
nanoneedle, etc. 
Based on the learnings from all the previous works, we designed the material 
preparation schemes for the realization of metallodielectric photonic crystals in the optical 
regime. As mentioned in previous chapters, the motivation was to combine both the 
properties of a metallic material with a dielectric PhC so that a dielectric type finite band 
gap with strongly enhanced band gap can be achieved. In Chapter Six, we successfully 
adopted the similar strategy of making the field emitters to create diameter changing 




propagation of light into the structure while the diameter alternating pillars can let the light 
to see variation in 3D structure.  Since the structure can be very flexibly designed, we also 
demonstrated that the use of these metallic structures for high sensitivity SERS substrate 
by improving local electric field enhancement. Although clear detection sensitivity 
improvement has been achieved, we believe with further improvement in material selection 
and structure optimization, several orders of sensitivity improvement can possibly be 
achieved. In future, materials other than pure metal can possibly try out for selective 
absorption enhancement which can be beneficial for many applications including solar 
energy conversion or photocatalysis.  
As a direct extension to Chapter Six, we reported in Chapter Seven the formation of 
3D multilayer air/Au resonator arrays inside a polymer template. Using the swelling 
property of SU-8, it becomes possible to fully dissolve the soluble Ni and leave behind the 
inert Au unaffected even without removing the template. This automatically guarantees the 
formation of disconnected Au disks or rods in the arrangement of the predefined polymer 
scaffold and the deposition parameters. We demonstrated that the bottom-up approach for 
design these disconnected resonators can be extremely flexible and high quality that can 
allow the realization of multiple photonic materials with very different responses. The 
replacement of Ni with air also finally granted the design of 3D metallodielectric PhCs 
with very strong stopband whose strength can easily exceed all of the available 3D PhCs 
formed using any of the known dielectrics. Moreover, since all the Au resonators aligned 
in the vertical direction is aligned by the SU-8 template, our methods automatically allow 
the perfect layer to layer lattice registration and can easily form a multi-layer stack as long 




We believe this approach will for sure not be limited to the current demonstration but 
will be able to work with any epoxy-based template materials and configurations. Such 
findings will thus be very impactful for the future design and realization of more 
sophisticated photonic materials such as 3D split ring resonators, photonic topological 
insulators, etc. The current material composition could also be possibly made into a 
dynamic controlling system that by using materials with tunable physical properties, the 
optical signal can be shifted accordingly by adjusting the properties of the nearby chemical 
environment. 
Unlike any previous work, in Chapter Eight, we proposed the use of microplasma as 
the high index medium in the 3D PhCs with the motivation to make it dynamically 
controllable. The metallic feature of plasma at that frequency can potentially enable large 
band gap materials and most importantly such PhCs can become tunable within a very short 
time frame. A systematic simulation proved the existence of stong bandgaps and the signal 
can be different with different control. More than simulations, we have also realized the 
very first 3D microplasma PhC in a metal pin defined PDMS cube and observed the signal 
tuning in good agreement as predicted by the simulation. Based on these exciting results, 
clear future steps will be continually pushing the generation of microplasma with a higher 
electron density, enables more repeating units in the device and operate the device under 
higher frequency because of the increased plasma frequency. Additional to the application 
of PhCs, more exciting photonic related demonstrations can be explored such as 
microplasma metamaterials or antenna. More fundamentally, using micro or nanosized 
porous material to control and sustain the formation of microplasma can also be exciting 
and deserves future exploration. 
